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“Everything should be made as simple as possible, but not simpler.”
Albert Einstein
Abstract
Removal nitrogen oxides (NOx) from diesel engine exhaust gas has become an
essential issue because of increasingly stringent emission legislation. NOx removal
using non-thermal plasma has been studied widely and has shown its potentiality.
In recent years, there has been an increasing interest in simultaneously removing
NOx and particulate matter (PM) from diesel engine exhaust. The objective of
this research is to investigate experimentally deNOx characteristics under barrier
discharge field with a diesel particulate filter (DPF) worked as dielectric barrier
layer. The combination between a dielectric barrier discharge reactor and a DPF
was also considered as a novel suggestion to the diesel engine emission elimination.
In this study, the wire-to-cylinder discharge reactors were used. The cylinder had
inner diameter of 36mm and total length of 180mm. The DPF was a cordierite
wall-flow lab-scaled one with volume of 31.6cm3. The reactor was supplied by 50Hz
alternative high voltage source in range from 5kV to 15kV. The simulated exhaust
gas mixture of NO,NO2,O2, and N2 at different fractions were employed in NOx
removal characteristic experiments. The sampled gas taken from reactor’s outlet
was analyzed by an FT-IR exhaust gas analyzer, Horiba Co.,Ltd., MEXA-4000FT.
The effects of PM on deNOx process under discharge field were studied by using
DPF loaded with PM. Comparing experimental results in cases of gas mixture
without oxygen and the one with oxygen at various gas flow rates, it showed that
oxygen played a key role in the NO oxidation process that was dominant in latter
case. Moreover, as oxygen fraction increases, the NO oxidation process run faster
and this lead to lowering the necessary energy density to reduce NO concentration
to zero. In PM effect analysis, PM enhanced NOx removal characteristics under
dielectric barrier discharge field with gas mixture containing oxygen. However,
this effect deteriorated with elapsed time. The most significant NOx removal
performance was observed when PM was “Fresh”. In actual PDF system, loaded
DPF was oxidized under forced regeneration process or continuous PM oxidation
process during operation. Conversely, new “Fresh PM” was always supplied from
engine and then deposited over the old PM where its surface has already lost the
effective role of NOx removal. As a result, there are many possibilities of NOx
removal by PM in actual operating engine.
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Chapter 1
NOx treatment using non-thermal
plasma
1.1 NOx problem and deNOx method
1.1.1 NOx problem
(1) Air pollution and its harmful effect
Nitrogen oxides (NOx), together with CO, sulphur oxides and volatile organic com-
pounds (VOC) are primary chemicals of the air pollution. Main oxides of nitrogen
in the atmosphere are nitric oxide (NO), nitrogen dioxide (NO2) and nitrous oxide
(N2O).[1] NOx commonly stands for NO and NO2. But in sometimes, it means
a sum of NO, NO2, and N2O.
NOx adversely affects the environment and human health by causing ground-
level ozone formation, water quality deterioration, global warming, production of
toxic reaction products, and inhalable fine particles that lead to visibility degra-
dation and pose a respiratory hazard. NO2 plays a major role in the chemical
reactions which generate ground-level ozone and photochemical smog. Photo-
chemical smog is a type of air pollution produced when sunlight acts upon motor
vehicle exhaust gases to form harmful substances such as ozone, aldehydes and
peroxyacetylnitrate (PAN). These formation mechanisms are described as follows.
Firstly, nitrogen dioxide is excited by sunlight to form nitric oxide and atomic
oxygen with the following photochemical reaction:
NO2 + hν −→ NO + O (1.1)
1
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Then oxygen atom reacts with oxygen molecules in the air to form ozone:
O + O2 −→ O3 (1.2)
Finally, ozone and atomic oxygen react with hydrocarbons to form many kinds of
aldehydes and peroxyacetylnitrate (PAN).
When volatile organic compounds (VOC) such as hydrocarbons react in the
atmosphere to form oxygenated products such as aldehydes, the oxygen in these
molecules allows NO to form NO2, without breaking down ozone, thus ozone
accumulates. In the presence of sunlight, PAN (CH3CO−OO− NO2), is formed
from nitrogen dioxide, oxygen, and hydrocarbons :
NO2 + O2 + Hydrocarbon + hν −→ CH3CO−OO− NO2 (1.3)
Additionally, nitrogen dioxide reacts with water to form a mixture of nitrous acid
and nitric acid. These acids cause to the acid rain.
2NO2 + H2O −→ HNO2 + HNO3 (1.4)
Nitrous oxide, N2O, occurs in less quantities than NO and NO2, but it becomes a
strong greenhouse gas which absorbs long wavelength infrared light related with
heat radiation from the Earth. Thereby it contributes to global warming.
(2) NOx formation mechanism and its emission source
NOx from combustion is primarily in the form of NO. The principal source of NO
is the oxidation of atmospheric nitrogen. It is generally accepted that there are
three mechanisms for NO formation.[2] They are:
1- Thermal NO - Thermal NO is formed by the combination of oxygen and ni-
trogen under high temperature condition, such as combustion flame. Then,
the concentration of “thermal NOx” is controlled by the nitrogen and oxy-
gen concentrations and the temperature of combustion gas. Combustion at
temperatures below 760◦C forms very low concentrations of thermal NO.
2- Fuel NO - Fuel that contains nitrogen creates “fuel NO” that results from
oxidation of already-ionized nitrogen contained in the fuel.
3- Prompt NO - Prompt NO is formed from molecular nitrogen in the air
combining with fuel in fuel-rich combustion reaction zone.
Thermal NO is produced under lean to stoichiometric mixture and high tem-
perature combustion conditions. The well-known expanded Zeldovich mechanism
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explaining the NO formation is given as below.[3]
N2 + O −→ NO + N (1.5)
N + O2 −→ NO + O (1.6)
N + OH −→ NO + H (1.7)
NO2 is usually formed from NO through following slow oxidation:
2NO + O2 −→ 2NO2 (1.8)
Emission sources of NOx are automobiles, boilers and incinerators, as well as
other high-temperature industrial operations such as metallurgical furnaces, blast
furnaces, plasma furnaces, and kilns. Other sources include nitric acid plants
and industrial processes involving nitric acid operation. As calculated, primary
sources of NOx emissions include motor vehicles (55%) and industrial, commercial,
and residential processes (45%).[4] Removal of nitrogen oxides from combustion
emission has been studied for many years. There are two strategies of NOx con-
trol: (1) combustion modifications to suppress the formation of NOx, and (2)
aftertreatment approach to reduce nitrogen oxides to molecular nitrogen. The
brief description of them will be expressed in the next section.
1.1.2 NOx treatment
(1) Classification of NOx treatment
NOx treatment methods have been used up to now can be summarized and clas-
sified as in Table 1.1.
Table 1.1 Classification of NOx treatment
NOx treatment
NOx formation 
restraint
NOx separationNOx removal (deNOx)
Physical treatment
Ø Adsorption
Ø Absorption
Chemical treatment
Ø NOx reduction
Ø NOx oxidation
Ø Others (neutralization, 
nitrate formation)
Modifications to 
combustion process
Ø Flame 
temperature
Ø Residence time
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NOx formation control includes modifications to combustion process in or-
der to restrain the formation of NOx. NOx removal and NOx separation belong
to the aftertreatment approach mentioned above. NOx separation uses physical
treatment methods such as NOx adsorption and absorption. In another manner,
NOx removal (or deNOx) mainly employs chemical treatment methods. They are
NOx reduction technique, NOx oxidation technique, and other NOx destruction
techniques (i.e. neutralization, nitrate formation, etc.). The main component
contributed to NOx removal, NO removal, can be classified as NO reduction (to
return to N2) and NO oxidation (to form NO2). The oxidation process can be
briefly described as follows: N2 →N2O →NO→NO2 →N2O5. The reduction pro-
cess can be described by following scheme: N2O5 →NO2 →NO→N2O →N2.
(2) Restraint of NOx formation
As discussed above, NO is formed under lean to stoichiometric mixture and high
temperature combustion conditions. Thus to control or suppress the formation of
NOx, decreasing the oxygen fraction at the peak temperature and shortening of
residence time in the combustion zone are needed. Flame temperature may be
reduced by: (1) using fuel rich mixture to limit the amount of oxygen available;
(2) using fuel lean mixture to limit temperature by diluting energy input; (3)
injecting cooled oxygen-depleted flue gas into the combustion air to dilute energy;
(4) injecting cooled flue gas with added fuel; or (5) injecting water or steam.
Reduce of residence time in high combustion temperature zone can be done by
ignition or injection timing control in internal combustion engines.[2]
(3) Adsorption and absorption of NOx
Adsorption is the binding of atoms, ions, or molecules of gas, liquid, or particles
to the surface of a solid or a liquid (adsorbent). This process forms a molecular or
atomic film. NOx adsorption uses adsorbent to store NOx under lean conditions
and release and catalytically reduce the stored NOx under rich conditions. NO and
NO2 are acidic oxides and can be trapped on basic oxides. Below is the chemical
reaction represents the adsorption of NO.
4NO + 3O2 + 2MO −→ 2M(NO3)2 (1.9)
where M is a basic metal.
Absorption is a process in which a substance diffuses into a liquid or a solid to
form a solution. For NOx absorption, absorbents used usually are water and solu-
tions of nitric acid (HNO3), sodium hydroxide (NaOH), sodium sulfite (Na2SO3),
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ferrous sulfate (FeSO4), etc.
(4) NOx removal
Chemical reduction of NOx is achieved by providing a chemically reducing sub-
stance to remove oxygen from nitrogen oxides. The reducing agents of NOx include
PM, HC, N radical, photon, etc. Examples include selective catalytic reduction
(SCR) which uses ammonia, selective non-catalytic reduction (SNCR) which use
ammonia or urea. Current commercial system involves the injection of ammo-
nia or urea into the exhaust gas stream to chemically reduce NOx usually in the
presence of a catalyst. However, the loss of expensive catalyst is a big problem
encountered. The scheme of NO reduction is as follows.
2NO −→ O2 + N2 (1.10)
The technique of oxidation of NOx intentionally raises the valence of the
nitrogen ion to allow water to absorb it (i.e., it is based on the greater solubility of
NOx at higher valence). This is accomplished either injecting hydrogen peroxide
or injecting ozone into the gas flow. An example of this technique is NOx-SR. It
catalytic oxidizes NO to NO2 that is more soluble in caustic solutions.[5] Non-
thermal plasma, when used without a reducing agent, can be used to oxidize NO.
The oxidation of NO can be express in below reaction.
2NO + O2 −→ 2NO2 (1.11)
The other techniques of NOx removal use chemical agents (i.e. ammonia,
hydrated lime, etc.) to neutralize nitric acid (HNO3) which formed from NOx at
previous medium process.
1.2 NOx removal by non-thermal plasma
1.2.1 Non-thermal plasma
(1) Plasma
Plasma is an ionized gas with free electrons, a distinct fourth state of matter.
“Ionized” means that at least one electron is not bound to an atom or molecule,
converting the atoms or molecules into positively charged ions. Ionized gas is
usually called plasma when it is electrically neutral (i.e., electron density is bal-
anced by that of positive ions). It contains a significant number of the electrically
charged particles that can affect its electrical properties and behavior.[6]
Based on the relative temperature of free electrons, ions and neutrals, plasma
is classified as thermal plasma and non-thermal plasma. Thermal plasma has
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electrons and heavy particles at the same temperature, and they are in thermal
equilibrium status. Non-thermal plasma, on the other hand, has the ions and
neutrals of cold temperature (normally room temperature) state, whereas electrons
are much “hotter”.
(2) Electric discharge
Non-thermal plasma is generated by applying a sufficiently strong electric field to
ensure discharge of electrons. Electric discharge creates a quasi neutral medium
containing neutrals, ions, radicals, electrons and UV photons. Due to light mass
of electrons, they are usually first to receive the energy from an electric field and
get high temperatures while the heavier ions remain relatively cold through energy
exchange by collisions with background gaseous species. Ionic atoms and molecules
have high energy and ability to lower activation barriers of chemical reactions.
Another feature of plasma ions results in the so-called ion or plasma cataly-
sis, which is particularly essential in exhaust gas treatment. Atoms and radicals
contribute to numerous plasma-stimulated oxidation processes. Finally, plasma-
generated photons play a key role in a wide range of applications. Plasma light
source to UV sterilization of water is an example of it.
(3) Non-thermal plasma
In the last two decades, the possibility of NOx reduction from exhaust gases
(deNOx process) by means of non-thermal plasma (NTP) has been intensively
studied.[7–19] The classification of NTP is rather complex and depends on mul-
tiple characteristics, such as:
• Type of discharge: DC or pulsed corona discharge, surface discharge, dielec-
tric barrier discharge, ferro-electric packed bed discharge,. . .
• Type of power supply: AC, DC, pulse, microwave, radio frequency (RF),. . .
• Other characteristics: Electrode configuration, voltage level, polarity, gas
composition,. . .
An increasing area of recent interest is the use of NTP at low-reaction tem-
perature to eliminate NOx from both of stationary and mobile sources. According
to the research work by Sher [20], pulsed electrical field with dielectric barrier or
corona discharges, was typically used to generate NTP. NTP oxidizes NO to NO2
and N2O5, and also it generates O atoms or OH radicals which oxidize the hydro-
carbons into aldehydes. NTP has the main function of activating NOx and HC. It
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provides a lower temperature pathway for their oxidation conversion. Low temper-
ature treatment is quite important for exhaust emissions from vehicle where most
part of engine out exhaust was low temperature. As for diesel engine, the mean
temperature of the exhaust is below 200◦C for over 70% of the operating cycles.
As a consequence, there is an increasingly high relevant interest for application of
NTP for treatment of diesel emissions.[21–23]
(4) Formation of N radical and ozone
The physical mechanism of N radical formation under non-thermal plasma was
suggested by Vandenbroucke et al.[24]. N2 molecules are firstly attacked by free
electrons of which temperatures ranging typically from 10,000K to 250,000K (1–
20eV).
N2 + e −→ N∗2 (1.12)
The excited gas molecules from N∗2 above reaction lose their excess energy by
emitting photons or heat.
N∗2 −→ N◦2 + hν (1.13)
Following this excitation, other processes like ionization, dissociation and electron
attachment also occur. Through these reaction channels, unstable reactive species
like ions and free radicals are formed.
N◦2 −→ N + N (1.14)
The destruction role of the radical and ionic species in the decomposition of
nitrogen oxides is summarized in Fig.1.1.[7, 25, 26]
N2O decomposes to form nitrogen and oxygen. The mechanism of this process
involves N+2 ions produced by primary ionization of nitrogen, charge transfer re-
action to form N2O
+, and electron-impact dissociation. The extent of destruction
is limited by the conversion of N+2 ions to N radicals.
The formation of ozone from oxygen and from air under plasma was described
in a report by Kogelschatz [27]. Similarly to the formation of N radical above, at
first O radicals are formed from electron impact on O2 molecules. Ozone is then
formed in a three-body reaction involving O and O2:
O + O2 + M −→ O∗3 + M −→ O3 + M (1.15)
M is a third collision partner. O∗3 stands for a transient excited state. The time
scale for ozone formation in atmospheric pressure oxygen is a few microseconds.
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High or medium power, low residence time (Hu et al., Penetrante et al.)
Low power, high residence time (Mok et al.)
NO, NO2 destruction
NO, NO2 destruction
N2O destruction
N
N2O destructionN2+
N
N2 + e
N2 + e
N2+
Figure 1.1 Role of radicals and ions in NOx reduction [26]
Side reactions, also using O atoms, compete with ozone formation.[28–32]
O + O + M −→ O2 + M (1.16)
O + O3 + M −→ 2O2 + M (1.17)
O + O∗3 + M −→ 2O2 + M (1.18)
These side reactions pose an upper limit on the atoms concentration tolerable in
the discharge field.
1.2.2 NOx removal using corona discharge
(1) Radical formation and NOx destruction
Corona discharge is the simplest type of plasma generator. A feature of the corona
discharge, which differs to the other discharges, is that there is no dielectric in-
volved. Corona discharges are transient discharges generated by strongly inho-
mogeneous electric fields. The most common types are pin-to-plate [33], wire-
to-cylinder [15, 34], and wire-to-plane [35]. The discharge can be supplied by a
constant voltage (DC corona), or an alternating voltage (AC corona or a pulsed
corona). Generally, the electric field in corona reactors is about 50kV/cm.[1, 36]
The destruction of NO and NO2 involves N radicals. These radicals may
arise from direct electron-impact dissociation of nitrogen or the electron-assisted
conversion of N+2 ions (Fig.1.1). N radical reacts with nitrogen oxide to form
molecular nitrogen and oxygen atoms according to the following reaction.[37–39]
NO + N −→ N2 + O (1.19)
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The destruction of NO2 with N radicals is relating to the following reaction
chain.[7, 40]
N + O −→ NO (1.20)
NO + N −→ NO2 (1.21)
NO2 + N −→ N2O + O (1.22)
(2) Corona discharge and NOx destruction
Vinogradov et al.[35] used a multi-needle-to-plate reactor consisting of Perspex
rectangular box (Fig.1.2). Test gas was an exhaust gas from a diesel engine.
Flow rate of test gas was 8L/min. Electrode length was in the range from 45mm
to 150mm. Distance between needle and flat electrode was 14mm–50mm and
distance between the rows of needle was 5mm–20mm.
while in others they can be absolutely elastic and then only
kinetic energy is exchanged. Since the average molecule is
thousands-fold heavier than an electron, the mean velocity,
which a molecule develops from elastic collision with the
electron, due to energy exchange with it, is comparable to
its thermal velocity. In the case of an ionized molecule, at
atmospheric pressure, where the concentration of neutral
species is high and therefore the ion’s mean free path
(m.f.p.) is short, ionized species’ velocity at the end of its
m.f.p. is also low. Thus, in either case, both ionized and
neutral species remain slow or cold in sense of their
velocity; this charge transformation is referred to as cold
plasma, the ionization of one molecule by collision with
another, and can be neglected.
By using an asymmetric electrode pair a non-uniform
electric field is produced. Free electrons within the
interelectrode space are accelerated by the electric field
toward the anode. Field enhancement near one electrode is
required. The most common methods used in practice for
this purpose are point-to-plane and wire-in-cylinder
geometries. In order for an electron to accumulate
sufficient energy along its m.f.p. for collision ionization
of neutral species, the electric field intensity should be
higher than 24.4 kV/cm [5]. Under these conditions
additional electrons are produced from the collision, and
an electron avalanche is initiated. For an electric field
higher than 24.4 kV/cm, ionization processes prevail over
electron attachment, and therefore the total ionization
coefficient a*, which is defined as the difference between
the first ionization coefficient of Townsend a and attach-
ment coefficient Z, becomes positive. Within the inter-
electrode space, defined as the ionization layer, in which the
electric field is higher than 24.4 kV/cm, recombination of
electrons with positive ions is negligible [6]. Beyond the
ionization boundary, attachment prevails over ionization
and the number of electrons decreases with the decrease in
electric field. Thus, only ions transfer the charge, and the
interelectrode space beyond the ionization layer is referred
to as the drift region.
2. Experimental setup
Experimental investigation of compression ignition (CI)
engine exhaust treatment was made with a Mitsubishi 3-
cylinder diesel with 1300 cm3 total volume. The engine was
mounted on a test bench and connected to a 3-phase
generator, which provides the engine mechanical load when
connected to an external electrical load. The engine speed is
kept constant and equal to 1500 rpm, in order to maintain
standard 50Hz AC.
An exhaust gas flow rate of 8 L/min of the total 1000
L/min was set to pass through the DC reactor. A high
voltage supplier, capable of delivering a maximum of 50 kV
DC corona voltage was connected to the reactor. A
limiting resistor of 6MO was connected in series, and the
total current and voltage were measured. Thus, controlled
by the current, the potential difference on the reactor can
easily be calculated. The scheme of the experimental setup
is shown in Fig. 1. A luminescent-type gas analyzer Sun-
DGA1000 was connected to the exhaust pipe downstream
from the reactor. A thermocouple was installed at the entry
to the reactor to provide simultaneous temperature
measurement.
The reactor is built as a box that has a rectangular cross
section of 100! 100mm inner dimensions. The box is made
of Perspex and has an adjustable horizontal plate capable
of moving upwards and downwards inside the reactor.
Standard medical needles of 0.8mm external diameter
installed to the plate, connected to each other and to the
outgoing electric wire, defined one of the two electrodes.
The needles are arranged in staggered rows, separated by a.
The 20mm diameter of the reactor entrance is set to
provide a relatively niform exhaust gas flow inside the
reactor. Considering the geometrical characteristics of the
corona discharge region, given by Sigmond [7], approxi-
mately 95% of the total current is limited by a cone with
the vertex at the sharp electrode and a vertex angle of 1201.
Approximately 75% of the current is confined within the
cone with the angle of 601. Thus, for a ¼ 20mm, 15, 10,
and 5mm, while D is set to be 15mm, the electric field lines
do not intersect and current flow from one needle will not
affect that produced from neighboring needles. A stainless-
steel plate is placed at the bottom of the reactor, with
length and width equal to the inner box dimensions. The
lower plate is connected to the second outgoing wire,
defining the electrode of opposite polarity. A sketch of the
corona reactor is shown in Fig. 2.
Experiments were carried out for eight typical values of
D (14, 20, 25, 30, 35, 40, 45, and 50mm), which denotes the
distance between the needles’ tips and the flat electrode.
The multi-needle electrode length L that defines the
number of rows was changed from 45 to 150mm. The
separation distance betwee the rows of the needles a was
set at four different values: 5, 10, 15, and 20mm. Electric
voltage has e n gradually inc eased and NOx, O2, CO,
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CO2, UHB concentrations, voltage, and current have been
recorded at different polarities and engine loads. Concen-
tration measurements were made downstream the reactor
under steady state conditions with and without voltage
application.
The length and relatively high thermal conductivity of
the connection between the exhaust pipe of the engine and
the reactor box, allows achieving a constant bulk
temperature of approximately 25 1C inside the reactor,
regardless of the engine load.
3. Results and discussion
In this work NOx cleanness is defined as the mass of
removed NOx relative to its initial mass:
Cleanness %½ "
¼ Mole fraction of removed NOx ðppmÞ
Initial mole fraction of NOx ðppmÞ & 100%. ð1Þ
Here, the mole fraction of NOx is measured by the gas
analyzer. Since the density of the pollutant is close to that
of the exhaust gas, mole fraction is equal to mass fraction.
In order to define the efficiency of the DeNOx process, the
minimal energy needed for complete removal of 1 g of NOx
is to be calculated. Since NOx consists of 95% NO, the
minimum energy required for its decomposition upon the
assumption that all the energy goes directly to breaking the
NO molecule bond is evaluated through:
Emin ¼ NO molecule node energy
NO molar weight
¼ 5:85& 10'3 kWh
gNO
.
(2)
The energy that is actually spent decomposing NOx is
calculated from the experiments as follows:
Eactual ¼ Corona power
Cleanness& ½NOx"initial &Q& rexhaust
. (3)
The corona power in this equation is the product of the
total current and voltage over the reactor electrodes as
measured (I & V ), Q is the flow rate of the exhaust gas, and
rexhaust is the exhaust gas density. Finally, the ratio between
Emin and Eactual (the energy required to theoretically
dissociate 1 g of NOx, relative to the energy actually
needed), defines the efficiency of NOx removal:
Z ¼ Emin
Eactual
& 100%. (4)
The experimental results show that the polarity of the
corona discharge has a significant effect on both the
cleanness and the efficiency. The typical behavior of NOx
cleanness versus applied voltage, shown in Fig. 3, points to
the significant advantage of the negative corona over a
positive one. The highest value of cleanness for both
polarities, shown in Fig. 3, corresponds to the pre-
breakdown voltage. The maximum cleanness varies with
a change of geometrical parameters of corona reactor.
However, the relative positive-negative corona cleanness
behavior is basically independent of these parameters as
well as of the engine load. In order to understand the
significant advantage of negative corona over the positive
one, a comparison of voltage current characteristics (VCC)
for both polarities is made. As shown in Fig. 4, which
presents the typical VCC for both polarities, the total
current, obtained for a positive corona (positive needles), is
initially higher than the one for the negative corona, but at
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Figure 1.2 Experimental setup by Vinogr dov et al.[35]
higher voltage the negative ion current overshoots the
positive one. It is shown experimentally that the total
current is independent of a, i.e., the ionization from a single
needle is not affected by neighboring needles. Thus, the
current for a specific value of D from several needles can be
simply divided by their number and compared to the
analytical calculation for a single needle [7,8].
The Sigmond’s saturation current [7] presented in Fig. 4
is higher than both the negative and the positive corona
currents, as measured experimentally. From Sigmond’s
model it follows that if the measured current is lower than
the saturation one, then for both polarities only ions of the
same positive or negative charge produce current flow
o tside the ionization layer, i.e., unipolar corona takes
place. Since the current obtained for the negative corona
lies beneath the saturation current for the positive corona,
there are almost no free electrons in the drift region [7].
Hence, for both negative and positive polarities only
anions and cations, respectively, produce current flow.
The lower value of negative corona current at low
voltage follows from the higher average mobility of the
positive ions, which are mainly N2
+. The reduced mobility
of N2
+ ions is 2.57 cm2/V s [9]. The primary ions
participating in charge tra sfer in the negative corona are
O2
!, OH!, and CO!2 ; their mobilities are 2.25, 4.23 and
1.64 cm2/V s, respectively. The mobilities of the negative
ions are calculated through multiplication of the mobility
value, given in Moseley and others [9], by the molecular
weight ratio between the anions and the N2
+ cation. The
average mobility of O2
!, OH!, and CO!2 , weighted by mole
fraction, is approximately 1.9 cm2/V s and it is lower than
that of N2
+, therefore the higher total current is produced.
This low mobility of negative ions can be explained by the
contribution of heavy CO!2 ions to the average mobility.
However, it is revealed from the mass spectrometric study
[10,11] that some ions in positive coronas in humid air are
clusters of ½H3O#þ % ðH2OÞn. These clusters at low pressures
(below 20 kPa) and low corona currents (below 30 mA) are
dominant. However, with an increase of gas pressure and
corona current the concentration of composite ions
decreases and becomes somewhat close to that of Nþ2 and
Oþ2 ions. The average mobility of the positive ions,
therefore, is expected to be insignificantly lower than that
stated before.
With increase of voltage the electric field intensity
increases, and the positive ions that approach the cathode
(the sharp electrode of negative polarity) gain enough
energy to remove two electrons from cathode’s metal
surface. One electron is ejected while the second neutra-
lizes the ion. Besides the bombardment of the cathode
by positive ions, secondary electrons are released from
the cathode surface by photons, i.e. photoemission.
These processes are known as secondary electron emission
for which the rate is defined by Townsend’s second
ionization coefficient g. Thus, secondary ionization pro-
vides additional electrons into ionization layer. These
secondary electrons attach to neutral molecules outside
the ionization layer, providing additional charge carriers,
thus increasing the total current. The secondary ioni-
zation coefficient is defined as the ratio of the production
rate of secondary electrons to the rate of electron-impact
ionization [12]; it is estimated to be of the order of 10!1
for a cathode radius of curvature of 10!6m [13]. This
radius is approximately equal to one of the needle
tips. Thus, the increase of total negative current at pre-
breakdown voltage of about 35%, with respect to positive
one, is in good agreement with analytical [13] and
experimental [14] results. The secondary ionization pro-
vides additional radicals that result in DeNOx process
improvement.
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Figure 1.3 Relative positive-negative corona cleanness behavior [35]
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Experimental results in Fig.1.3 shows that the negative corona discharge has
much higher NOx cleanness comparing to the positive one. However, the relative
positive-negative corona cleanness behavior is basically independent of geometrical
parameters of the reactor as well as of the engine load.
Kozlov and Solovyov [41] also pointed out that in atmospheric air condition,
the limit current of the negative corona configuration was higher than in the
positive corona reactor. However, Fujii et al.[42] concluded that positive corona
reactor showed better removal rate of NOx than negative one. Another work by
Dors et al.[43] also supported Fujii’s conclusion.
(3) Residence time and discharge energy
The residence time is defined as the volume of the reactor divided by the flow
rate of exhaust gas. H. Lin et al. [33] used a needle-to-cylinder corona discharge
reactor to investigate the influence of the residence time on NOx efficiency from
wet flue gas. They suggested that the longer the residence time is, the higher the
deNOx efficiency will be.
The experimental result in Fig.1.4 expresses the NOx cleanness [35] depend-
ing on residence time at various reactor’s dimensions. From the test results, they
Once the residence time is sufficient for all the gas
molecules to interact with radicals, the cleanness growth
rate attenuates. Further improvement of cleanness is
much slower and demands significant additional energy
input. The value of cleanness, at which further DeNOx
improvement almost stops, is called Asymptotic Cleanness,
and it lies between 50% and 60%. This low percentage
follows from the fact that among radicals that react with
pollutant, only O!2 and OH
! decompose NOx molecules
[18], while the others do not participate in the DeNOx
process or even hinder it. Both tendencies of the
dependence of cleanness on residence time are shown in
Fig. 10. It can be seen that for a given a, asymptotic
cleanness is obtained at the same residence time, regardless
of D and L. This value of t denotes the optimal
combination of D and L.
When cleanness reaches its asymptotic value at a given L
and D, the additional improvement of reactor performance
can be achieved by increasing the density of needle
installation, i.e., decreasing a. In this case the residence
time remains the same, since L and D are kept constant,
and additional radicals are produced from extra needles.
Therefore, cleanness increases. When the installed needles
are diluted (a increases), fewer radicals are produced and
cleanness decreases. The experimental results presented in
Fig. 11 show the behavior of cleanness and efficiency versus
a as it increases from 5 to 20mm, while L and D are kept 80
and 25mm, respectively. It is seen from Fig. 11 that for
a ¼ 10mm, which corresponds to asymptotic cleanness at
D ¼ 25 and L ¼ 80mm, the increase of a causes a
significant decrease of cleanness due to termination of
ionization around removed needles. Simultaneously, the
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drift outside the discharge zone. Thus, fewer radicals are
involved in the DeNOx process and asymptotic cleanness
diminishes. An increase of a of more than 20mm results in
asymptotic cleanness below 45% and L larger than
120mm.
The time needed for completion of all chemical processes
for NOx dissociation is about 1ms [19], so that the
residence time does not characterize the duration of
dissociation processes but a probability of pollutant-to-
radicals interaction.
Cleanness optimization alone does not provide sufficient
information for reactor design. Efficiency must be con-
sidered as well, and then the ultimately profitable
combination of D and L can be obtained for each a, as
shown in Fig. 14. Summing up all the results, the plot that
combines the optimization of L, a, and D, which varies
between 14 and 30mm is shown in Fig. 15. When D is
larger than 30mm the electric field is too low to sustain
effective NOx removal, and hence is not worth using. The
plot presents the cleanness behavior versus corona power
and refers to minimal L, i.e., L at which asymptotic
cleanness is obtained. As shown in Fig. 15, the use of
smaller electrode separation distance D is preferable for
lower density of needle installation (larger a), since with a
slight increase in power input, cleanness significantly
increases. When a is between 5 and 10mm, the power
consumed by the reactor at D ¼ 14mm is much higher
than at D ¼ 30mm, and the increase in power input is not
compensated for by improvement of DeNOx process.
Thus, the combination of small a and large D or vice
versa is worth using. Taking into account that the
difference between the cleanness of 47% (a ¼ 20mm and
D ¼ 14mm) and 54.5% (a ¼ 5mm and D ¼ 30mm) is only
18% relative to the higher cleanness, while the input power
increases from 5.8 to 18W, the use of a ¼ 20mm and
D ¼ 14mm is way more profitable. The corona power,
presented in Fig. 15 does not include the rate of energy
dissipation on limiting resistor. The power losses on the
resistor were calculated from the total current and the
impedance of the resistor. For the energetically profitable
combinations of a and D, the electric power on the 6MO
resistor relative to the corona power is estimated to be
between 15.5% (a ¼ 20mm and D ¼ 14mm) and 17%
(a ¼ 5mm and D ¼ 30mm). For non-optimal combination
of a, D, and L the power losses on the reactor varied from
4% to 40% relative to corona power.
Summarizing discussion concerning the residence time,
three aspects of effect of the residence time on cleanness
and efficiency should be emphasized. The residence time is
defined as the volume of the reactor divided by the flow
rate of exhaust gas. Since the flow rate and the width of the
reactor were kept constant throughout the experiments; the
residence time is proportional to the number of rows of
installed needles (for a given D).
" The increase of residence time (i.e., installation of
additional rows of needles) positively affects both the
cleanness and the efficiency until the moment at which
an amount of produced by discharge radicals out-
numbers the amount of pollutant molecules.
" Once the asymptotic cleanness is achieved, the further
increase of residence time (installation of additional
rows of needles) does not appreciably affect the
cleanness. In this case, the amount of destructed NOx
remains almost the same, while the energy input
increases. This results in decrease of DeNOx efficiency." When the needles are diluted (a is increased), some of
produced radicals experience relaxation as they travel
from one needle to another, and, therefore, more needles
are needed in order to maintain a required amount of
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Figure 1.4 Effect of residence time on cleanness and corona power [35]
concluded that the increase of residence time positively affects both the cleanness
and the energy efficiency until the moment at which discharge radicals outnumbers
pollutant molecules. Once the residence time is sufficient for all the gas molecules
to interact with radicals, the cleanness growth rate reduced. And further improve-
ment of cleanness is much slower.
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(4) Corona discharge-catalyst reactor
Dors and Mizeraczyk [44] studied NOx removal in a hybrid system consisted of a
DC streamer corona discharge with a catalyst operating at ambient temperature in
the presence of NH3 (see Fig.1.5). The positive DC corona discharge was generated
between a hollow needle (out diameter of 2mm) electrode and flat brass mesh
(spacing of 40mm) electrode. The catalyst was a layer of V2O5 and TiO2 deposited
on Al2O3 globules.
128 M. Dors, J. Mizeraczyk / Catalysis Today 89 (2004) 127–133
Table 1
Parameters of NOx removal processing in selected systems using corona discharge (CD) and ammonia
System Gas mixture Gas
temperature
(◦C)
Initial NO
concentration
(ppm)
Flow rate
(l/min)
Specific
energy
(Wh/m3)
NOx
removal
efficiency
(%)
Energy
yield (g
NO/kWh)
Ref.
CD (wire-to-cylinder) N2:O2:CO2 (balance:10%:10%) 22 400 2 333 90 0.6 [5]
CD (wire-to-plate) Flue gas from coal-burning
power station
100 300 10000 12 60 20 [6]
CD (needle-to-plate) Combustion gas from city gas
burner
70–200 200 60 230 90 0.2 [7]
CRS N2:O2:CO2:H2O:SO2 (89.4%:
2.6%:7.9%:<0.5%:800 ppm)
22 200 5 18 90 15 [9]
Hybrid CD-catalyst N2:O2:CO2 (85%:10%:5%) 150 430 2–6 8.3 75 21 [11]
Hybrid CD-catalyst Diesel exhaust gas 94–189 198 1314 2.5 60 55 [13]
Hybrid CD-catalyst N2:O2:CO2 (80%:5%:15%) 22 200 1 80 96 3.4 This work
hybrid systems, first the corona discharges were used for
oxidizing NO into NO2, and then the SCR processing with
NH3 was used to convert NO2 into N2 and H2O [11–13].
The efficiency of NOx removal using hybrid plasma-catalyst
systems was up to 98% at an energy yield up to 55 g/kWh
(Table 1, [13]). In other hybrid systems, hydrocarbons were
added to the flue gas polluted with NOx to improve its
removal [17–19].
This work was aimed at studying NOx removal in a hy-
brid system consisted of a dc streamer corona discharge
with a catalyst operating under low temperature (22 ◦C) in
the presence of NH3. In our reactor a catalyst typical of the
SCR method, but operating at low temperature, interacted
with a corona discharge. Gaseous NH3 was introduced into
the corona discharge zone through a hollow needle elec-
trode similarly as in CRS reactors. We used a new way of
introducing gaseous NH3 into the corona discharge zone.
In this new method, the gaseous NH3 was introduced into
the discharge zone after releasing it by the corona discharge
from an NH3 phase, which has been earlier adsorbed on
the catalyst surface. The performance of our hybrid corona
discharge-catalyst reactor is described below.
2. Experimental
The hybrid corona discharge-catalyst reactor used in this
experiment is shown in Fig. 1. The positive dc corona dis-
charge was generated between a stainless steel hollow needle
electrode and grounded flat mesh electrode (1mm× 1mm)
made of brass. The hollow needle electrode was placed per-
pendicularly to the mesh. The outer and inner diameters of
the hollow needle were 2 and 1.6mm, respectively. The hol-
low needle-mesh spacing was 40mm.
The catalyst used in this investigation was a layer of
V2O5 and TiO2, as in the SCR processing, deposited on
Al2O3 globules of 5–6mm in diameter. The globules with
deposited catalyst were delivered by the Katalizator Co.,
Krakow, Poland. The catalyst globules were placed on the
mesh in the form of two layers. The hollow needle-catalyst
spacing was about 30mm.
The catalyst layer deposited on Al2O3 globules was
used to play two roles. The first one, when a “pure”
catalyst-covered globules were used, was the typical role of
catalyst. The another role, consisting a novel in this inves-
tigation, resulted from using the catalyst-covered globules
as an adsorber for NH3 before placing the globules into
the reactor. We expected that the NH3-saturated globules
could become a gaseous NH3 source in the reactor, when
subjected to the corona discharge. The releasing of gaseous
NH3 from the catalyst globules by the corona discharge
was supposed to be an efficient way of NH3 supply into the
reactor.
In the following text, the case when the “pure” catalyst
was used i called an NH3-free cataly t case, while an NH3-
saturated catalyst case corresponds to the experiment in
which the catalyst with NH3 adsorbed on its surface was
used.
The positive polarity dc high voltage was applied through
a 10M! resistor to the hollow needle electrode. The oper-
ating volt ge was varied from 15 to 38 kV, sustaining a sta-
ble streamer corona discharge. The time-averaged discharge
current varied in the range of 50–200!A.
Fig. 1. The hybrid corona discharge-catalyst reactor.
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A gas mixture of N2 (80%):O2 (5%):CO2 (15%):NO
(200 ppm), simulating a flue gas (without water and hydro-
carbons), was supplied through the hollow needle and then
flowed through the reactor with a flow rate of 1 l/min.
When the performance of the reactor with the “pure” cat-
alyst was investigated, gaseous NH3 was first mixed with the
N2:O2:CO2:NO mixture, forming the working gas. Then the
working gas was introduced through the hollow needle elec-
trode into the reactor. The NH3 concentration in the work-
ing gas was 400 ppm, which correspond o a molar ratio
of NH3 to NO equal to 2:1. As it was found by Park et al.
[9], the removal efficiency of NOx by the corona discharge
is highest when the molar ratio NH3:NO = 2:1.
When the performance of the reactor with NH3-saturated
catalyst globules was tested, gaseous NH3 (30 ppm)
was introduced into the reactor, after mixing with the
N2:O2:CO2:NO mixture. This additional gaseous NH3 was
supposed to make up a loss of NH3 released from the glob-
ules and sustain steady concentration of NH3 in the reactor
with a minimum slip in the outlet gas (1 ppm). As the
concentration of NH3 adsorbed on the globules layer was
expected to decrease with elapsing time of the discharge op-
eration, this part of the investigation had a time-dependent
character. Also, time-dependent deterioration of the catalyst
layer when employing NH3 was expected (a kind of catalyst
poisoning by products of the plasma-chemistry reactions in
the reactor).
C ncentrations of NO, NO2 and NH3 in the working
g s at the reactor inlet and outlet were measured by ab-
sorption spec roscopy m thod using a Perkin-Elmer 16 PC
FTIR spectrophotometer perating in the infrared r nge
4400–1000 cm−1.
3. Results
The experimental results showed that three factors influ-
ence strongly the efficiency of NOx removal from the work-
ing gas. They are: the plasma (parametrically represented
here by the energy density), catalyst and NH3 including the
way of its supplying into the reactor. The details are de-
scribed below.
3.1. Corona discharge processing without catalyst and
gaseous NH3 supply
The removal efficiency of NO from the working gas by
processing it with the corona discharge without catalyst and
NH3 was no higher than 25% (at energy density of 400 J/l,
Fig. 2). The processing was accompanied with production
of NO2 up to 50 ppm. As a result, NOx removal was not
higher than 8% (Fig. 3). In this case, NO is believed to be
removed mainly in reactions with N and O atoms and O3
molecules, produced in the corona discharge [22]:
NO+ N→ N2 + O, (1)
Fig. 2. Concentrations of NO and NO2 in the working gas at the reactor
outlet as a function of energy density. Cases: (a) processing without
catalyst [without or with gaseous NH3 (400 ppm) supply]; (b) processing
with NH3-free catalyst [without or with gaseous NH3 (400 ppm) supply];
and (c) processing with NH3-saturated catalyst [without gaseous NH3
(30 pp ) supply].
NO+ O→ NO2, (2)
NO+ O3→ NO2 + O2. (3)
The resulting balance between the production and decom-
position of NO and NO2 molecules is influenced by the re-
verse reaction:
NO2 + O→ NO+ O2. (4)
Fig. 3. Concentration of NOx in the working gas at the reactor outlet
as a function of energy density. Cases: (a) processing without catalyst
[without or with gaseous NH3 (400 ppm) supply]; (b) processing with
NH3-free catalyst [without or with gaseous NH3 (400 ppm) supply]; and
(c) processing with NH3-saturated catalyst [without gaseous NH3 (30 ppm)
supply].
Figure 1.5 NOx removal with hybrid corona discharge-catalyst reactor [44]
The results showed that the catalyst increased significantly NOx removal
(maximum 96% at 400J/L) when the catalyst was saturated with NH3. Comparing
to the case of without catalyst and gaseous NH3 supply, the removal efficiency of
NO was not higher than 25% (at 400J/L). With the presence of NH3, the corona
discharge produced solid particles of NH4NO3 which depositing on the catalyst
surface shortened the active life of the catalyst. The mechanism was explained by
following reactions:
NO2 + OH −→ HNO3 (1.23)
NO2 + HO2 −→ HNO3 + O (1.24)
HNO3 + NH3 −→ NH4 NO3 (1.25)
(5) Pulsed corona discharge and NOx destruction
In corona discharge, as electron streamers are able to reach the opposite electrode,
a spark discharge formed then results in local overheating and non-uniformity
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plasma that is unacceptable for applications. The solution to increase corona
voltage and power without spark formation is using pulsed corona discharge.[45]
Decomposition of nitrogen oxides in a pulsed corona discharge were studied
experimentally by X. Hu et al.[25]. As seen in Fig.1.6, for NO in N2, the exper-
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Figure 1.6 Model calculation and tested results of NO destruction with
pulsed corona discharge reactor in NO + N2 mixture [25]
imental data show that complete removal of NO can be reached. NO2 reached
a maximum at an medium input power and then was continuously destroyed as
power increased. A small amount of N2O was formed and its concentration in-
creased at higher power levels.
To investigate the NOx treatment from diesel engine exhaust, Vinogradov et
al.[46] used the pulsed corona discharge cylinder-to-cylinder reactor (see Fig.1.7).
The experimental results showed that cleanness does not depend on initial NOx
obtained as
Reactor 1) EC;1 ¼ pðr2out # r2inÞLrg½NOx&Eactual ¼ 16:9 J;
Reactor 2) EC;2 ¼ pðr2out # r2inÞLrg½NOx&Eactual ¼ 49:5 J:
ð11Þ
Here, rg is the density of the exhaust gas averaged by mole
fractions of its components. The NOx mole fraction—
[NOx] is measured in the experiment on the wet basis [20]
and its value, which is taken into account in Eq. (11), is
700 ppm, corresponding to the maximum NOx concentra-
tion. Finally, the required number of pulses for complete
NOx dissociation is obtained for both reactors:
Reactor 1) Npulses;1 ¼ EC;1
EpulseZ
¼ 705 pulses;
Reactor 2) Npulses;2 ¼ EC;2
EpulseZ
¼ 2063 pulses: ð12Þ
Keeping in mind that pulse frequency should not exceed
1 kHz, the minimum residence time of NOx molecules
inside both reactors is
Reactor 1) t1X Npulses;1
1000Hz
' 0:7 s;
Reactor 2) t2X Npulses;2
1000Hz
' 2 s: ð13Þ
Combining equations Eq. (4) and (13), the maximum flow
rate y for both reactors is obtained as
y1p
pðr2out # r2inÞL
t1
¼ 94 L=min,
y2p
pðr2out # r2inÞL
t2
¼ 90 L=min. ð14Þ
These values were tested experimentally, and corrections
concerning the required frequency of pulses and process
efficiency were made.
3. Results and discussion
Experimental investigation of CI engine exhaust treat-
ment was conducted on a Mitsubishi 3-cylinder diesel
engine with a total volume of 1300 cm3. The engine was
mounted on a test bench and connected to a 3-phase
generator, which provided engine loading when connected
to external heaters. The heaters are capable of consuming
electric power up to 8 kW, taken from 10 kW of maximal
engine power. The engine speed was kept constant at
1500 rpm, to maintain standard 50Hz AC supply to the
heaters. The exhaust pipe was branched into two parallel
tubes approximately 1m downstream from the exhaust
opening as shown in Fig. 3. A portion of the flow,
controlled by calibrated discs, went through the pulse
corona reactor at flow rates of 30, 55, 90, 150, and 210
L/min, taken from the total flow rate of approximately
1000L/min. These flow rates correspond to exhaust gas
residence time inside Reactor 1 of 2.2, 1.2, 0.75, 0.45, and
0.31 s, respectively.
For Reactor 2, the residence times for the same values of
flow rate are: 5.6, 3.1, 1.9, 1.12, and 0.8 s. Exhaust gas
composition was measured at the exit from the reactor by a
Sun DGA 1000 gas analyzer on a wet basis with an
accuracy of725 ppm for NOx measurements. Four typical
values of engine loads were considered: 0, 2.5, 4.5, and
7.5 kW, which provide initial NOx concentrations of 300,
560, 600, and 620 ppm, respectively. The experiments were
conducted for six maximum pulse voltages, 20, 25, 30, 35,
40, and 60 kV, and the current was measured by a
Tektronix TCH 305 probe. The voltages of 40 and 60 kV
correspond to the pre-breakdown voltage (the voltage that
precedes the breakdown of the exhaust gas) for Reactor 1
and Reactor 2, respectively. The signals of both voltage
and current were recorded using a Tektronix TDS 320
oscilloscope for the calculation of single pulse energy. Pulse
repetition rate varied between 50 and 1000Hz. The results
are presented in terms of NOx Cleanness and DeNOx
process Efficiency. Cleanness is defined as the mass of
removed NOx related to its initial mass. Efficiency is
defined by Eq. (10) above and basically is the energy
required to theoretically dissociate 1 g of NOx, relative to
the energy actually needed.
For both reactors, it was found that the greatest NOx
cleanness and efficiency are obtained when the pre-break-
down (maximum) voltage is applied. Therefore, voltages
below this value are of no relevance and are no longer
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Fig. 3. Pulsed corona reactor apparatus.
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referred to in the results analysis. The measured total
currents of 80A for Reactor 1 and 50A for Reactor 2 were
obtained at maximum voltages of 40 and 60 kV, respec-
tively. Thus, the integral pulse energy for both reactors was
0.2 J. When the voltages of 40 and 60 kV were applied to
the Reactors 1 and 2, the electric field at the outer electrode
was higher than 4 kV/cm.
The results showed that cleanness does not depend on
initial NOx concentration, within 10% accuracy, therefore,
it was concluded that the number density of the pollutant
was much lower than that of the radicals produced by the
discharge. The concentration of the radicals that partici-
pate in NOx dissociation reactions was of the same order of
magnitude as the concentration of free electrons, according
to Wang et al. [21] who used similar geometry and
conditions. It was found that cleanness is strongly depen-
dant on the flow rate of the exhaust gas, and consequently,
on the resid nc tim t. Fig. 4 il ustrates he behavior of
cleanness versus different engine load, and its behavior
versus different flow rates. These results were obtained for
both polarities at different pulse frequencies. It can be seen
from Fig. 4 that cleanness does not depend on electrode
polarity, i.e., both positive and negative coronas are
applicable within the range of applied voltages.
The increase of frequency up to 1 kHz from the value, at
which the 1 0% cleanness is obtained, did not result in a
decrease of cleanness. However, the increase of frequency
above 1 kHz, regardless of the cleanness obtained at 1 kHz,
resulted in a decrease of cleanness as is shown in Fig. 2(b),
and therefore is not worth using in the sense of NOx
removal improvement.
Since cleanness was almost independent of initial NOx
concentration, the energy actually spent on decomposition
of unit mass of NOx (Eactual) strongly depends on engine
load. The energy Eactual is calculated by:
Eactual ¼ Epulse " f
Cleanness" ½NOx$i " rg " y
. (15)
Here, [NOx]i is the initial NOx concentration in [ppm], rg is
the average exhaust gas density, y is the flow rate, and the
product of energy of a single pulse Epulse and frequency f
provides the corona power. The process efficiency is
determined from Eq. (10).
The efficiency depends on cleanness that increases non-
linearly, while the cor na ower incre ses li early with
frequency. Therefore, efficiency cannot be assumed to be
constant throughout the experiment. The efficiency varies
from 25% to 10%, and therefore provides an important
empirical factor needed for pulsed corona reactor design.
Efficiency behavior is presented in Fig. 5.
The more rapid growth of clea ness rel tive to the pulse
repetition rate increases the efficiency, until the frequency
reaches 250Hz. At this frequency clea ness is arou d 60%.
Above 250Hz, the cleanness growth rate diminishes, and
efficiency begins to decrease. As seen from Fig. 5, the
efficiency behavior, beyond i s maximum, for different
engine loads is almost linear and has approximately the
same inclination until cleanness reaches 100%. Thus, the
process efficiency can be described by a linear function as
follows:
Z ¼ Fð½NOx$i; tÞ
!!
f¼0 Hz ' Cf . (16)
Here, C is the linear coefficient, f is the pulse repetition
rate, and F is an empirical constant that depends on engine
load (initial NOx concentration) and flow rate (residence
time).
Further, when 100% cleanness is obtained, the addi-
tional increase of pulse frequency results in asymptotic
aspiration to zero due to further investment of energy
without improvement in NOx removal. Increase of the
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Figure 1.7 Cleannes behavior using pulsed corona discharge reactor [46]
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concentration, within 10% accuracy. Therefore, it was concluded that the number
density of the pollutant was much lower than that of the radicals produced by the
discharge.
(6) DeNOx characteristics in corona discharge
There are some conclusions that could be made from preceding research works
concerning NOx removal using corona discharge reactor.
1- The negative polarity produced larger amount of radicals (i.e., higher total
current) despite the lower average mobility of the negative ions. The higher
cleanness of the negative polarity stems from three reasons: the higher total
current, the plasma region extension, and the presence of OH ions.
2- It is concluded that direct decomposition of NOx through corona-assisted-
dissociation reactions plays the dominant role in deNOx process.
3- The NO removal efficiency of the corona discharge reactor is improved when
combining with a catalyst at the same amount of energy density.
4- Pulsed corona discharge is effective to restrict spark discharge.
1.2.3 NOx removal using dielectric barrier discharge
(1) Dielectric barrier discharge and its reactor
Dielectric barrier discharges (DBD) is the case in which a dielectric material is
placed on the electrode surfaces. Similar to corona discharges, small-scale electron
streamers are formed. In the DBD mode of operation, the threshold electric field
is relatively low and low-energy electrons are formed. DBD reactors can be also
configured as concentric cylinders or as arrays of alternating positive and negative
dielectric-coated electrodes. The parallel-plate architecture, however, features the
most simple and cost-effective design.[27]
DBD can be operated in AC mode or in pulsed mode. The most common
discharge configurations are the planar electrode configuration and the coaxial
configuration.[37] As for the effect of discharge configuration on current and
performance of DBD reactor, Kuroda et al.[29] showed that discharge current of
the electrode with punched holes was higher than of the plane electrode. The
collective efficiency obtained with punched electrode was also higher than that
with the plane electrode.
Dielectric packed-bed reactors are used as well for investigations of plasma-
chemical reactions in plasma.[47] In this configuration, the discharge gap is
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filled with dielectric pellets: glass beads, BaTiO3, and Al2O3 being some of the
most usual. When the high voltage is applied, the pellets are polarized and an
intense electric field is formed at the contact points between pellets. Because the
pellets are packed close together, the electric field in the micro-discharges can be
significantly enhanced, thus, potentially increasing the production of chemically
active species.
(2) NOx removal by dielectric barrier discharge
Santillan et al.[48] used a DBD wire-cylinder reactor (Fig.1.8) for NOx treatment
contained in a gas mixture (N2 : O2 : CO2 : H2O : C3H6 : NO) simulating the ve-
hicle exhaust gas. They also numerically simulated the DBD wire-cylinder reactor
to explain the chemical reactions in the reactor.
species and the suggestion of a decomposition path. Finally,
a mathematical model is proposed to tie the operating param-
eters to the reactor performance.
2. Experimental setup
The experimental setup is shown in Fig. 1. The reactor is fed
with a gas mixture slightly above atmospheric pressure. The
mass flow of each gas, excluding water vapour, is controlle
by a mass flowmeter. A pre-mix containing O2 (10%), CO2
(10%) and N2 (80%) is introduced into a chamber; water is
added using a manual injector and is vap uriz through use
of a heating resistance. The preheated mix is then enriched
with NO (250e1000 ppm) and C3H6 (1000e2000 ppm) and
fed into the plasma reactor. The maximal total gas flow used
is about 13 Nl/min (N denotes normal conditions of pressure
and temperature). Gas temperature is measured by a probe
placed 3 cm after the discharge zone. The output stream is an-
alyzed by:
- GCeMS (gas chromatography coupled with mass spec-
trometry). It allows identification and quantification of dif-
ferent hydrocarbon compounds (accuracy w1 ppm).
- Gas analyzer (Quintox e Kan-May). It is used to measure
the NO, NO2 and CO concentrations.
2.1. The plasma reactor
Fig. 2 shows a detailed schema of the wire-cylinder plasma
reactor. The latter consists of a coaxial cylindrical tube of alu-
mino-silicate with dielectrical properties (external cylinder:
fext¼ 21 mm and fint¼ 15 mm; internal tube: fext¼ 15 mm
and fint¼ 11 mm). The high voltage electrode is a copper
screw 6 or 8 mm in diameter, 35 mm in length and with a pitch
of 1 mm. The reactor gap is 2.5 mm in the case of a screw di-
ameter of 6 or 1.5 mm for a screw diameter of 8 mm. The
ground electrode is a sheet of copper surrounding the external
dielectric cylinder. Energy is supplied by a high voltage
45 kHz Calvatron SG2 and he voltages appli d ranges from
9 to 20 kV peak to peak.
2.2. Electrical characterization
An electrical characterization of the plasma reactor must
precede the chemical study [9,10]. This step is necessary in or-
der to establish an energy balance of the process, as well as to
determine and control energy consumption [11]. This electri-
cal characterization was made using a reduction high voltage
probe (1/1000) connected to a LeCroy LT-342 500 MHz digi-
tal oscilloscope.
This preliminary study permitted the optimization of the
electrical parameters. Indeed, as Fig. 3(a) shows, operating
Fig. 1. Schematic diagram of experimental setup.
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Figure 1.8 DBD wire-to-cylinder reactor layout [48]
The reactor was fed with a gas mixture slightly above atmospheric pressure.
The mass flow of each gas, excluding water vapour, was controlled by a mass
flowmeter. A pre-mixture containing 10%O2, 10%CO2 and N2 left was introduced
into a chamber. In order to convert non-soluble compounds into soluble ones, water
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was added using a manual injector and was vaporized through use of a heating
resistance. The preheated mixture was then enriched with NO (250–1000ppm)
and C3H6 (1000–2000ppm) and fed into the plasma reactor. The maximal total
gas flow used was about 13L/min. Gas temperature was measured by a probe
placed 30mm after the discharge zone.
The experimental results of NO conversion in the plasma reactor at initial
concentrations of 250, 500, 1000ppm are showed in Fig.1.9. Mass balance in NOx
Mass balance in NOx shows that an increase in energy den-
sity increases NO oxidation. Therefore, NO transformation is
a direct function of the voltage applied. Furthermore, an in-
crease in NO concentration requires a greater energy input.
For example, to transform 70% of the NO supplied, energy
densities of 40, 55 and 125 J/l were, respectively, required
for NO initial concentrations of 250, 500 and 1000 ppm.
The decrease in NO is linked to an increase in NO2 through
the oxidation process. The oxidizing vector can be produced
by the O2 (OþO) [12], CO2 (COþO) [13,14] or H2O
(OHþO) [15e17] present in the gas mixture. So, in order
to determine the role of each oxidizer, a study was performed
using labelled molecular oxygen (18O2). This is presented in
Section 4.1.
We observed that the global mass of NOx is not balanced
(NOþNO2¼ 0). This can be due to NOx being trapped in
C3H6 (ReNOx) or water (HNO3), or else to some adsorption
on the outlet tubes [18]. The influence of energy density on
by-product formation was detailed in previous studies [19,20].
3.2. Effect of gas flow on reactor performance
A change in the gas flow modifies directly the time of
residence in the reactor. Two experiments were performed at
6.5 and 13 Nl/min for an NO initial concentration of 500
ppm. Results are shown in Fig. 5. As in the case of a change
in NO concentration, treatment of the gas mixture in the DBD
reactor essentially produced NO2. An increase in the volume
flow reduced the effectiveness of the reactor. Indeed, for
a given energy density, the NO conversion into NO2 was
greater when the volume flow was smaller.
3.3. Effect of gap on reactor performance
The inter-electrode distance in the DBD reactor determines
two main characteristics of the process: the reactor volume
and the discharge behaviour. To obtain a regular steady state,
it is usually necessary to reduce the gap. However, a decrease
in the reactor gap reduces the cross section and consequently,
the residence time in the discharge zone. So, the inter-
electrode distance must be optimized in order to improve the
electricity consumption. Results of the impulsion charge as
a function of electrical power are shown in Fig. 6 for two dif-
ferent gaps. Comparison between the two reactor gaps used
shows that a 1.5 mm gap means lower energy consumption
than a 2.5 mm one. Furthermore, for a given power, the
smaller the gap, the greater the electrical charge can be and
thus the greater the quantity of oxidizing compounds.
A comparison of the NO oxidation yield can be made from
experimental results shown in Fig. 7. For the reactor gap of
1.5 mm, an NO conversion yield of 80% was obtained at
60 J/l, while for 2.5 the mm gap, an energy density of about
100 J/l was necessary to obtain a similar yield.
The influence of mixture composition, gas flow and reactor
gap was studied. Experimental results allowed a description of
the reactor performance. With the purpose of optimizing the
plasma process, we proposed a global model that is described
in the next section.
4. Model choice
In order to simulate the DBD wire-cylinder reactor, com-
plementary experiments were made and some hypotheses
were considered. First, the chemical path was determined
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Table 1
Experimental conditions for NO oxidation experiments
Operation variable Value
Gas composition (%V) 74.5 N2
10.0 O2
10.0 CO2
5.4 H2O
1000 ppm C3H6
250e1000 ppm NO
Dielectric material Stumatiteþmineral glass
HV material Cupper
Reactor gap (mm) 2.5
Inlet temperature (#C) 150.0
Volume gas flow (Nl/min) 13.0
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Fig. 5. Influence of volume flow on NO yield conversion as a function of energy
density (C 6.5 J/l,: 12.9 J/l).
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Figure 1.9 NOx conversion vs. energy density in DBD reactor at various
initial concentrations [48]
shows that an increase in energy density increases NO oxidation. Therefore, NO
transformation is a direct function of the voltage applied. Furthermore, an increase
in NO concentration requires a greater energy input. For example, to transform
70% of the NO supplied, energy densities of 40, 55 and 125J/L were, respectively,
required for NO initial concentrations of 250, 500 and 1000ppm. The decrease in
NO is linked to an increase in NO2 through the oxidation process. The oxidiz-
ing vector can be produced by the O2(O + O),CO2(CO + O) or H2O(OH + O) in
the gas mixture. Santillan et al.[48] commented that the global mass of NOx
is not balanced (NO + NO2 = 0). This can be due to NOx being trapped in
C3H6 = (R− NOx) or water (HNO3), or else to some adsorption on the outlet
tubes.
(3) Merit and demerit of dielectric barrier discharge for NOx treatment
Comparing to corona dischrage, the flexibility of DBD configurations with respect
to geometrical shape, oper ing medium an ope ating parameters is remarkable.[27]
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Additionally, electrodes in BDB reactor are covered by dielectric layer preventing
them from erosion by reactive emissions such as combustion gas. Conversely, the
energy density inside DBD reactor is lower than that of corona discharge reactor.
There is a technical problem that requires optimization is the necessary energy
to maintain the plasma (typically, 20–60J/L). Besides that, the application of
optimized conditions in small laboratory experiments into the large installations
(i.e. vehicles) is not clear and need more investigations.
1.3 Emissions and aftertreatment system of in-
ternal combustion engine
1.3.1 NOx and other harmful emission from internal com-
bustion engine
(1) Emissions from gasoline engine
The major pollutants in gasoline engine exhaust are nitrogen oxides (NOx, mostly
NO), carbon monoxide (CO), and hydrocarbons (HC). The main product of com-
bustion, carbon dioxide (CO2), is although non-toxic but contributes to the green-
house effect. The relative emission amounts depend on engine design and operating
conditions but are order of: NOx, 500–1000ppm; CO, 1–2%; HC, 1000–3000ppm
(as C1).[3]
NO emissions in gasoline engine depend on fuel/air ratio, the burned gas frac-
tion, and spark timing. The key factors for emission control are temperature and
oxygen concentration during combustion process and early part of the expansion
stroke. CO emissions from internal combustion engines are controlled primarily
by the fuel/air ratio. Since gasoline engines often operate close to stoichiometric
at part load and fuel rich at full load, CO emissions are significant and must be
controlled. HCs are consequence of incomplete combustion of the hydrocarbon
fuel. The level of unburned HC in the exhaust is generally specified in terms of
the total HC concentration expressed in ppm C1. While total HC emission is a
useful measure of combustion inefficiency, it is not necessarily a significant index
of pollutant emissions.
(2) Emissions from diesel engine
In diesel engine exhaust, concentrations of NOx are comparable to those from gaso-
line engine. The critical difference in NOx formation mechanism is that injection
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of fuel occurs just before combustion starts, and that non-uniform distributions
temperature and fuel exist during combustion.
The primary combustion mechanism in a diesel engine is the diffusion process,
that is controlled by the rate at which fuel and air are mixed. This is preceded by
the so called premixed process in which a small number of fuel-air nuclei combust
spontaneously at a rate controlled by reaction kinetics. As fuel is injected into
the charge air, it entrains air and diffuses, giving a widely varying equivalence
ratio. At the core of the spray there is liquid fuel in droplet form; at the other
extreme is a region with an equivalence ratio of less than one. NOx formation
occurs predominantly in the lean flame region during the premixed combustion
phase and particulate matter is formed mainly in the fuel rich regions during the
diffusion burning period. Actions to reduce NOx formation, such as reducing the
proportion of premixed combustion, will therefore have the effect of increasing
the diffusion burning phase. Hence, it results the tendency to increase particulate
formation and vice versa. This phenomenon is known as the NOx-PM trade-off.[20]
Diesel engines emit particulate matter (PM) which consist primarily of soot
with some additional absorbed hydrocarbon material. Most particulate material
results from incomplete combustion of fuel HCs. Further particulate matter is
added by sulphur dioxide (SO2) and sulphates, which bind with water on the
carbon nuclei. These particles can make up as much as 20% of the total PM pro-
duced. Another source of particulates is lubricating oil. PM from the lubricating
oil can make up as much as 40% of the total. The PM emission rates are typically
0.2–0.6g/km for light duty diesel vehicles. In larger DI engines, PM emission rates
are 0.5–1.5g/brake kWh.[3]
Diesel engines are not a significant source of carbon monoxide because they
always operate on the lean side of stoichiometric. Diesel hydrocarbon emissions
are significant though exhaust concentrations are much lower than typical gasoline
engine levels. The hydrocarbons in the exhaust may also condense to form white
smoke during engine starting and warm-up. There are two major causes of HC
emissions in diesel engines under normal operating conditions: (1) fuel mixed to
leaner than lean combustion limit during the ignition delay period; (2) undermix-
ing of fuel which leaves from the fuel injector nozzle with low velocity.
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1.3.2 Aftertreatment system of internal combustion en-
gine
(1) Three-way catalyst
Three-way catalyst (TWC), or non-selective catalytic reduction (NSCR) catalyst,
is used at or close to stoichiometric operating conditions of engine for simultaneous
conversion of NOx, CO, and hydrocarbon. There are many reaction pathways in
a three-way catalyst system. The most important reactions can be summarized as
follows.[49]
2CO + 2NO −→ 2CO2 + N2 (1.26)
Hydrocarbon + NO −→ N2 + CO2 + H2O (1.27)
CO + H2O −→ CO2 + H2 (1.28)
Hydrocarbon + H2O −→ CO2 + H2 (1.29)
Hydrocarbon + H2O −→ CO + H2 (1.30)
Typical TWC is a monolithic type in which the exhaust gas passes through
a honeycomb ceramic block, maximizing the exposed surface area. The ceramic
block is covered with a thin coating of support material such as platinum (Pt),
palladium (Pd), or rhodium (Rh), and mounted in a stainless steel container.[50]
Other support materials used recently are alumina, ceria (CeO2), zirconia (ZrO2),
etc. Generally, TWC can efficiently covert about 80% of NO, CO, and HC at a
narrow range of air/fuel ratio near stoichiometric point. And it just works in the
temperature range of 350◦C–600◦C.
(2) Lean NOx reduction system
The operating principle of lean NOx reduction system is expressed in Fig.1.10.
At lean condition At rich condition
Figure 1.10 Operating principle of the lean NOx reduction system [Matthey]
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Lean NOx reduction system, aslo known as NOx storage reduction (NOx-SR)
or NOx adsorber catalyst (NAC), was used for partial lean burn gasoline engines
and for diesel engines. The adsorbers, which are incorporated into the catalyst
washcoat, chemically capture nitrogen oxides during lean engine operation. After
the adsorber capacity is saturated, the system is regenerated. And released NOx
is catalytically reduced during a period of rich engine operation.[1, 51, 52]
(3) Urea selective catalytic reduction
Selective catalytic reduction (SCR) technology has been used successfully for more
than two decades to reduce NOx emissions from power stations, marine vessels and
stationary diesel engines. Also it has been used for heavy duty vehicles. According
to a report [53] by Bosteels and Searles (2002), SCR for heavy duty vehicles reduces
NOx emissions by around 80%, HC emissions by around 90% and PM emissions
by around 40% in the EU test cycles, with normal diesel fuel (less than 350ppm
sulfur).
Ammonia (NH3) has proven to be the reducing agent with the greatest selec-
tivity. However, for safety reasons, liquid urea is often used as reducing agent in
the vehicles. Urea is chemically stable under the ambient condition and rapidly
hydrolyses to produce ammonia in the exhaust stream.[54] The reaction mech-
anism of NOx with ammonia is expressed as below.[1, 55]
4NO + 4NH3 + O2 −→ 4N2 + 6H2O (1.31)
NO + NO2 + 2NH3 −→ 2N2 + 3H2O (1.32)
6NO2 + 8NH3 −→ 7N2 + 12H2O (1.33)
(4) Diesel particulate filter system
Diesel particulate filter is used to trap particulate matter (soot) from diesel ex-
haust emissions. It has a cellular structure with individual channel that has
open and plugged ends at opposite side. Exhaust gases enter the open end, flow
through the pores of the cell walls, and exit the filter through the adjacent channel
(so called wall-flow type). Soot particles are are collected on the channel walls.
The most popular filter materials are cordierite Mg2Al4Si5O18, aluminum titanate
TiAl2O5, and silicon carbide (SiC). Conventional DPF has a diameter from 190mm
to 305mm and a length of 178mm–280mm.[56, 57] Collection efficiencies of these
various filters range from 30% to over 90%, but most DPFs achieve over 99% when
expressed as numbers of ultra fine particles.[53]
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Since the wall flow filter would steadily become plugged with particulate ma-
terial in a short time, it is necessary to “regenerate” the filtration properties by
burning off the collected PM. Some remarkable methods are:
1- Reburning in high temperature (more than 600◦C) with oxygen rich condi-
tion:
C + O2 −→ CO2 (1.34)
2- Putting a platinum group metal (PGM)-based oxidation catalyst in front of
the DPF to generate the NO2.[58] This is also called continuously regen-
erating trap (CRT). PM is removed following below scheme:
C + NO2 −→ CO2 + NO (1.35)
This reaction occurs at temperature over 250◦C which can be seen in most
diesel exhausts.
3- Using very small amount of fuel-borne catalyst, such as ceria for the PM
removal reaction:
C + O2
−−−−−→
catalyst CO2 (1.36)
This reaction requires temperatures of around 400◦C.
4- Electrical heating of the DPF either on or off the vehicle.
(5) Role of PM for catalyst and adsorption material
It has been reported that PM takes part in reaction converting NO2 to NO and NOx
to N2.[59, 60] Additionally, the fundamental unit of PM, the soot agglomerates,
are spherules with the diameters of 10–15nm. The surface of these spherules
can adhere hydrocarbons material, soluble organic fraction (SOF), and inorganic
material. In case of existence of gaseous oxidant such as oxygen, CO2, NO2, these
oxidants first move to the surface and be adsorbed to form surface intermediates,
which then rearrange, desorb and escape into the gas phase. The PM surface may
be the wall of a pore deep inside, so that diffusion of oxidant and oxidized products
to the bulk gas phase occurs.[59]
(6) New approach of aftertreatment system
Although there is a wide range of emissions control technique as showed above,
it still demands more new approaches to meet tight emission legislations. In re-
cent years, some new aftertreatment systems have been introduced. They in-
clude plasma technique, hydrocarbon adsorber, electrically heated catalyst system,
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combined emission control systems (i.e. DPF and SCR, diesel oxidation catalyst
(DOC) for HC and PM oxidation), etc. Among them, plasma approach has been
introduced as a new promising aftertreatment technology.
1.3.3 NOx and PM treatment by non-thermal plasma
For simultaneous removal of NOx and PM from stationary diesel engine exhaust,
Mok et al.[26] used a DBD reactor consisting of ceramic tubes and steel rods. In
another work, Grundmann et al.[61] used a coaxial DBD reactor to study the soot
treatment by DBD and ozone. DBD reduced the activation energy of the reaction
which decomposed soot to form CO.[12, 16, 26, 47, 61–64]
Song et al.[65] used a DBD in coaxial configuration to study the effect of
NTP on the reduction in NOx,HC and PM including carbon soot and soluble
organic fraction (SOF). A schematic layout and the DBD reactor configuration is
shown in Fig.1.11. The system mainly consists of an exhaust gas supply, DBD
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Fig. 1. Experimental setup.
ing cannot convert NO2 into N2, conversely, generates a significant
amount of N2O, HNO3, and/or NO3− [15]. In this case, it is a bet-
ter way to operate the plasma with lower voltage and a longer
residence time [16]. According to Takaki et al. [17], NO2 could be
removed completely in the specific power range, but were pro-
duced again for too much power input. Furthermore, subsequent
researches are being carried out for an attempt to NOx removal in
combination with catalysts [18–20].
The studies mentioned above clearly verify that a significant
reduction in PM, HC and NOx could be achieved by means of NTP
processing. However, the simulated pure gas mixtures commonly
have been used to estimate the removal efficiency. Although this
strategy is beneficial to research the detailed mechanism and reac-
tion pathways to pollutant reduction, the reduction efficiency is
nonetheless different to be attained from that on real diesel run-
ning conditions, as the components in diesel exhaust emissions are
complex and changeable with the variation of engine operation
condition. On the other hand, free radicals, molecular dissocia-
tion and reactions induced by NTP processing acting on these
components may give rise to the mutual and synergetic effects.
Consequently, a precise knowledge of the actual reduction of diesel
engine exhaust is essential for NTP technology.
The purpose of this work is to study the effect of NTP on the
reduction in NOx, HC and PM including carbon soot and soluble
organic fraction (SOF) as a function of engine operating conditions.
The results of this study provide an estimation to abate the diesel
exhaust pollutants with NTP technology and are also helpful to
accept NTP technology on diesel engine.
2. Experiment and measurement
2.1. Experimental setup
The experimental setup is shown in Fig. 1. The system mainly
consists of an exhaust gas supply, DBD reactor, high frequency AC
power supply (HFAC, the sine wave, peak voltage: 0–14kV, fre-
quency:10–27kHz), analytical systemsandelectricalmeasurement
section. Exhaust gas was produced by an off-road diesel engine and
sampled fractionally from the tailpipe by vacuumpump,whichwas
set at the end of the line. The engine featured a 17.5:1 compression
ratio, one cylinder, direct injection, air cooler, cylinder displace-
ment of 296mL and rated power of 2.4 kW at 3000 rpm. An indirect
water-exchange cooler was used to regulate the temperature of
exhaust gas prior to their entering into the DBD reactor. The desired
flow rates were controlled by mass flow controllers (MFC) on each
line, and theflowratepassing through the reactorwaskept constant
at 5 L/min for all experimental runs.
2.2. DBD reactor
A schematic of the DBD reactor in coaxial configuration is illus-
trated in Fig. 2. Two concentric quartz tubeswere used for dielectric
barrier layers with wall thickness of 1mm. The outer and inner one
had the outside diameters of 18mm and 8mm, respectively. Corre-
spondingly, the discharge gap was fixed at 4mm. The high-voltage
(HV) electrode was placed on the axis center of quartz tubes using
a stainless steel rod of 6mm diameter, and connected to HFAC. We
nickeled the ektexine of outer quartz tube as the ground electrode,
30mm inwidth, making it possible to observe discharges in the gas
gap.
2.3. Electrical circuit and measurement
The electrical measurements in discharges were performed
using a digital oscilloscope (Tektronix, TDS1002, USA). The applied
voltage was measured by a 1000:1 divider resistor connected in
parallel with the discharge circuit, and the current was obtained
from the voltage drop across a 10k! sampling resistor connected
in series with the ground line of DBD reactor. The determination
of the power dissipated in DBD has often proved to be difficult
because in reality the power is consumed in a large number of
short-livedmicrodischarges [21]. In the experiment, the consumed
energy during one discharge cycle was estimated from the voltage
output and the accumulated charge through a V–Q Lissajous figure
[22,23], using a 0.2!F non-inductive capacitor inserted between
Fig. 2. The configuration of dielectric barrier discharge reactor.
Figure 1.11 DBD reactor configuration to remove NOx,HC and PM [65]
re ctor, high frequency AC power supply (HFAC: 0–14kV, 10–27kHz), indi ating
and analytical systems. Exhaust gas was produced by an diesel engine and sampled
partially from the tailpipe by vacuum pump, which was set at the end of the line.
The engine featured a 17.5:1 compression ratio, one cylinder, direct injection, air
cooler, cylinder displacement of 296mL and rated power of 2.4kW at 3000rpm.
The flow rat passing through the reactor was kept constant at 5L/min for all
experimental runs. Two concentric quartz tubes were used for dielectric barrier
layers with wall thickness of 1mm. The outer and inner one had the outside
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diameters of 18mm and 8mm, respectively. The high voltage electrode was placed
on the axis center of quartz tubes using a stainless steel rod of 6mm diameter, and
connected to HFAC.
The experimental data of PM, HC, and NOx abatement efficiencies are illus-
trated in Fig.1.12. The test conditions were: applied frequency of 15.5kHz, initial
PM=73.67µg/L, HC=107.6ppm, and NOx=476.3ppm. For the PM removal, it can
be seen that in the range of 6kV–8.5kV removal efficiency is proportional to peak
voltage. At the value of 8.5kV the removal efficiency approaches to the maximum
of 82%. Two reasons may be attributed to the saturation of removal efficiency.
First, as shown in Fig.1.12, there exists a systematic increase in the reactor tem-
perature with increasing specific energy density and more energy is converted into
heat, resulting in the energy utilization efficiency for the DBD system decreasing.
Second, the high temperatures condition would induce segmental active species
such as ozone, which benefit the removal reaction.
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Table 1
GC–MS analytical conditions.
Hewlett-Packard capillary column HP-5, 12m×0.23mm
Column oven temperature program 50 ◦C (5min)→25 ◦C
(5min)→280 ◦C (4min)
Injection/detector temperature 300 ◦C/300 ◦C
Carrier gas Helium (flow rate 1.0mL/min;
head pressure 0.02MPa)
Injection mode Diffluent injection (diffluent
proportion 30:1)
MS ion source Electron-impact source
Ion source temperature 190 ◦C
Scan mass range 30–450amu (full scan mode)
the reactor and the ground instead of the sampling resistor. Typi-
cally, the V–Q Lissajous figure is a parallelogram. The area of this
parallelogram is equal to the energy dissipated during one period,
and the average power consumed in discharges could be calculated
by multiplying the discharge energy per one cycle by the operat-
ing frequency. The plasma process was evaluated by monitoring
the removal efficiency of pollutant as a function of the spe-
cific energy density (SED), which was calculated by the following
relation:
specific energy density (J/L) = discharge power (W)
gas flow rate (L/s)
2.4. Analytical methods
The raw and after-treated PM were directly sampled by the fil-
ters, and the PMmass on eachfilterwas determined gravimetrically
by the difference in mass before and after each test using an elec-
tronic analytical microbalance (Sartorius ME 5-F) with an accuracy
of 0.001mg. In order to separate the carbon soot and SOF, the col-
lected samples of PM were extracted using the Soxhlet technique
under yellow fluorescent lights. The samples were extracted with
themethylenechlorideas the solvent for24h. The resultingextracts
were concentrated and then kept in the sealed bottles at −20 ◦C in
the dark, respectively. The whole course of concentration was pro-
tected by nitrogen gas. When the methylene chloride volatilized
completely, the dry filter papers were weighed. Th n the mass of
carbon soot as well as soluble organic fraction (SOF) was calcu-
lated according to the difference of the filter papermass before and
after the extraction. The morphology of PM was observed by scan-
ning electron microscopy (XL30ESEM, Phlilps). Exhaust gases were
measured by a gas analyzer (HORIBA MEXA 7500D, Japan): NOx
was analyzed by a chemiluminescent detector (CLD) and HC by a
hot flame ionization detector (FID).
The componential analysis of SOF was undertaken with GC-MS
(HP5890A-HP5971, USA)with a computerworkstation. The GC–MS
analytical conditions were shown in Table 1. The standard solu-
tions of alkylic compounds and polycyclic aromatic hydrocarbons
(PAHs) were used for identification and quantization. The alkylic
compoundswere determined bymeans of the scanmode and PAHs
by means of selected ion monitoring mode.
3. Experimental results and discussion
3.1. Effect of peak voltage on contaminant abatements
HFAC power input plays a significant role in discharges, and
the power consumption is varied by changing peak voltage and/or
frequency [24]. The relations between peak voltage and discharge
power are given in Fig. 3. Correspondingly, the abatement capa-
bilities of PM, HC and NOx as functions of voltage are illustrated
in Fig. 4, where the applied frequency is fixed at 15.5 kHz and the
engine runs at 50% load for these data. The PM, HC and NOx con-
Fig. 3. Discharge power and specific energy density as a function of peak voltage.
centrations in thisdiesel engineconditionare73.67!g/L, 107.6ppm
and 476.3ppm, respectively.
As shown in Fig. 3, different discharge powers can be obtained
under the different frequency conditions for a given voltage. Ini-
tially, the plasma does not exist since the peak voltage is lower
than the breakdown voltage. As a result, the physical adsorption
produced in the AC electric field is mainly responsible for the
lower removal efficiency of contaminants (in Fig. 4).When the peak
voltage exceeds the breakdown voltage, discharge power shows a
monotonously increasing trendwith the enhancement of peakvolt-
age. At the applied frequencies of 15.1 kHz, 15.5 kHz and 16.0 kHz,
the breakdown voltages demanded for plasma discharges are about
6kV, while the frequencies of 13.0 kHz and 17.0 kHz cor espond to
the breakdown voltage of 9 kV. As the operating frequency is set
at 15.5 kHz, obviously, the abatements of PM, HC and NOx bring on
obvious increases as the applied voltage is higher than the break-
down voltage of 6 kV (47 J/L).
For the PM removal, it can be seen that in the range of 6–8.5 kV
the peak voltage is in direct proportion to the removal efficiency
at the given frequency of 15.5 kHz. SEM analysis of PM appear-
ance before and after treatments also gives information about the
removal efficien y. Fig. 5(a) shows the SEM image of PM appear-
ance before plasma treatment. A mass of agglomerates certified
as the particulates of PM can be observed on the surface of most
glass fibres. According to PM appearance after treatment at 8.5 kV
(314 J/L) in Fig. 5(b), however, it can be seen that numbers of
agglomerates decrease and the diameter of PM becomes smaller
obviously than that before plasma treatment, which attests to the
Fig. 4. PM,HCandNOx removal efficiencies as a functionofpeakvoltage (applied fre-
quency=15.5 kHz; engine load=50%; initial PM concentration=73.67!g/L; initial
HC concentration=107.6ppm; initial NOx concentration=476.3ppm).
Figure 1.12 Results of PM, HC and NOx removal efficiencies as a function
of peak voltage [65]
As for the removal of HC, Fig.1.12 illustrates the similar trend to that of PM.
Namely, the removal efficiency for HC increases with the peak voltage from 4kV
to 10kV (34–730J/L) and the maximum of HC removal efficiency is around 78%
at 10kV. In addition, when the peak voltage exceeds 9kV, the curve of removal
efficiency for HC versus peak voltage also becomes smoother because of the two
reasons mentioned above. The trend of NOx removal efficiency is distinguished
from that of PM and HC. In the range of 4kV–7.5kV (34J/L–178J/L), a significant
increase of NOx removal efficiency from 0.5% to 67.3% is observed.
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1.3.4 NOx and HC treatment system by non-thermal plasma
The role of hydrocarbon as an additive in NOx abatement process was investigated
by Ravi et al.[66]. The plasma reactor layout is showed on Fig.1.13. A cylindrical
glass tube (inner diameter: 25.8mm; outer diameter: 30.2mm) was used as the
dielectric material and a copper rod (diameter: 9mm) was used as the discharging
electrode. An aluminium foil wrapped over the glass tube acted as the ground
electrode. The space between the glass tube and the discharging electrode was
filled with glass beads of 5mm diameter. Gas mixture consisted of NO=300ppm,
O2=10%,and N2 remaining. The hydrocarbon additives were acetylene, ethylene
and n-hexane. These additives were injected into the gas stream in equal concen-
trations of 750ppm. Gas flow rate was kept at 2L/min.
as glass beads are filled inside the plasma reactor, intense electric field is formed around
the contact points of each pellet, causing partial discharges between the pellets. This partial
discharge together with the discharge from the wire helps in increasing the radical
production. The effective length of the plasma reactor, along which the discharge occurs,
was 31 cm (reactor volume: 162 cm3). A 1.0 AF capacitor was connected to the plasma
reactor in series to measure the discharge power. The experiments were carried out at
different temperatures of the gas up to 200 jC since the typical temperature of the diesel
exhaust is around 200 jC. For this, the plasma reactor was kept in a dry oven to maintain
the desired gas temperature. To ensure proper heating-up of the feed gas to a given
temperature, the stainless steel tube connected to the reactor inlet was wound several times
within the dry oven, which acted as a heat exchanger.
The experiments were carried out for two different gas mixtures such as
(a) NO in N2 (300 ppm), O2 (10%) and N2 (balance),
(b) NO in N2 (300 ppm), O2 (10%), H2O (3%) and N2 (balance).
The hydrocarbon additives chosen in the present set of experiments were acetylene,
ethylene and n-hexane. These hydrocarbons were injected into the gas stream in equal
concentrations of 750 ppm. In a real diesel exhaust, the typical concentration of hydro-
carbons is around 700–750 ppm (under no load conditions). The flow rates of all the gas
components used in the experiment were adjusted by mass flow controllers (MFC) (Model
1179, MKS Instruments) to get the desired concentrations. In the case of gas mixture (b),
the content of water vapor was adjusted by using its vapor pressure. The flow rate of both
the gas mixtures was kept at 2 l/min (based on room temperature) throughout the
experiments. Since the reactor volume is 162 cm3, the residence time (apparent value)
is calculated to be 4.86 s. However, actual residence time should be calculated by
considering the void fraction of the reactor and the volume of the electrode (19.7 cm3). In
this reactor packed with glass beads, the void fraction was found to be 0.3725. Therefore,
the real reactor volume where the reactions take place corresponds to 53 cm3, and the real
Fig. 1. Schematic of the dielectric barrier discharge reactor.
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Figure 1.13 Schematic of the DBD reactor by Ravi et al.[66]
Effect of hydrocarbons on NO and NOx removal efficiencies at various energy
densities at room temperature is expressed on Fig.1.14. There was no NOx removal
(J/L)(J/L)
Figure 1.14 Effect of HCs on NO and NOx removal efficiencies [66]
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without additive whereas it was negligible in the presence of acetylene. In the
presence of ethylene and n-hexane, the NOx removal efficiencies obtained in this
experimental condition were 32% and 35%, respectively. Briefly, the NOx removal
was insignificant in all these cases.
From these results, Ravi et al. concluded that the presence of both ethylene
and n-hexane enhanced the oxidation of NO to NO2 significantly, whereas the
addition of acetylene was found to be no better than that without any additive.
At an energy density of 50J/L, the NO removal efficiency was as high as 80% with
ethylene and 75% with n-hexane, while acetylene and no additive case showed only
60% removal.
The mechanism of NO removal in presence of hydrocarbons was explained as
follows. The important radicals for the oxidation of NO are alkyl (R), alkoxy (RO)
and acyl (RCO) radicals, which are generated when hydrocarbons react with O,
OH, O3, etc. Initially, alkoxy (CH3O,C2H5O, etc.) and alkyl radicals (such as
CH3,C2H5, etc.) react with oxygen to liberate active species
RO + O2 −→ HCHO + HO2 (1.37)
R + O2 −→ RO2 (1.38)
NO is oxidized with HO2 or RO2 through the following reactions.
NO + HO2 −→ NO2 + OH (1.39)
RO2 + NO −→ CH3O + NO2 (1.40)
1.4 Purpose of this research study
1.4.1 Laboratory scale experiment
(1) Current problem for vehicle emission treatment
Since the legislations concerning exhaust emission from vehicles are continuously
tightened, NOx aftertreatment systems have become increasingly important. Re-
garding current emission legislations, Table 1.2 illustrates the emission standards
for diesel passenger cars in Japan, EU, and US (California). In the Table 1.3 is
the standards for the gasoline cars in the same places.[1, Dieselnet] Compliance
with these strict emission regulations has led to the implementation of at least
one or some combined aftertreatment systems. To clear the limit of PM emis-
sions at 5mg/km, the DPF has to be installed in the exhaust system and becomes
mandatory for Euro 5. On the other hand, to reach the NOx emission limit of
180mg/km, it is necessary to modify the EGR system in a way to minimize the
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Table 1.2 Emission standards for diesel cars in Japan, EU, and US
Country Standard Date CO HC HC+NOx NOx PM PN
#/km
Japan Emission Standards for Diesel Passenger Cars
Vehicle Weight
< 1250 kg 2002 0.63 0.12 0.28 0.052
2005 0.63 0.024 0.14 0.013
2009 0.63 0.024 0.08 0.005
> 1250 kg 2002 0.63 0.12 0.3 0.056
2005 0.63 0.024 0.15 0.014
2009 0.63 0.024 0.08 0.005
EU Emission Standards for Diesel Passenger Cars
Euro 4 2005.01 0.5 0.3 0.25 0.025
Euro 5a 2009.09 0.5 0.23 0.18 0.005
Euro 5b 2011.09 0.5 0.23 0.18 0.005 6E+11
Euro 6 2014.09 0.5 0.17 0.08 0.005 6E+11
US
California LEV II Emission Standards for Passenger Cars and LDVs < 8500 lbs; 50,000 miles/5 years
NMOG CO NOx PM HCHO
2004-2010
LEV 0.075 3.4 0.05 0.015
ULEV 0.04 1.7 0.05 0.008
SULEV
Note: PN - Particle Number NMOG - non-methane organic gases HCHO - formaldehyde
Table 1. Common emission standards for diesel passenger cars
g/km
g/mile
Table 1.3 Emission standards for gasoline cars in Japan, EU, and US
Country Standard Date CO HC NOx PM PN
#/km
Japan Emission Standards for Gasoline Light Duty Vehicles
2003 0.67 0.08 0.08
2010 1.15 0.05 0.05 0.005
EU Emission Standards for Gasoline Passenger Cars
Euro 4 2005.01 1 0.1 0.08
Euro 5 2009.09 1 0.1 0.06 0.005
Euro 6 2014.09 1 0.1 0.06 0.005 6E+12
US
California LEV II Emission Standards for Passenger Cars and LDVs; 50,000 miles/5 years
NMOG CO NOx PM HCHO
2004-2010
LEV 0.075 3.4 0.05 0.015
ULEV 0.04 1.7 0.05 0.008
SULEV
Note: PN - Particle Number NMOG - non-methane organic gases HCHO - formaldehyde
Table 2. Common emission standards for gasoline passenger cars
g/mile
g/km
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engine-out NOx emissions. However, increase of EGR ratio will lower combustion
temperature that may result in increases of unburnt hydrocarbon concentration,
CO, and PM.
As for exhaust gas from gasoline engines, the most well-known system is the
three-way catalysts (TWC). However, it is not efficient enough for NOx treatment
under lean-burn conditions. As for Urea-SCR or NH3-SCR, first main obstacle is
requirement of pure ammonia for its operation. Ammonia is an irritating and toxic
gas so it should be released in the exhaust line at level of under 10ppm. There is
another point concerning the installation this large system into vehicle. Besides
that, an urea tank volume and its availability are also problems.
The application of lean NOx reduction system, or lean NOx trap (LNT), has
four major issues. Firstly, due to its operating principle that mentioned above,
the engine must create rich conditions in the exhaust line so it makes fuel over-
consumption. Secondly, there are HC penalties and more methane emissions which
pass though catalyst without any conversion. It reduces significantly the efficiency
of LNT regenaration.[5] The next difficulty is that this system is particularly
sensitive to sulfur. Because sulfur and more specifically SO2 take the place of
NO2 on the material surface causing a decrease in the number of available sites
dedicated to NOx adsorption.[1] Finally, similar to three-way catalyst (TWC),
LNT uses noble metals (typically are Pt, Pd, and Rh). Thus they are high cost
NOx aftertreatment systems.
(2) Practical system and model system for research work
As discussed above, the severity of emission standards leads to some PM and
NOx aftertreatment systems become mandatory in legislation context. Thus it
implies a cost and generates a complex implementation. Furthermore, PM and
NOx aftertreatment systems have an impact on the engine operation and fuel
penalties.[67] Therefore it is necessary either to find some auxiliary systems to
decrease this impact or to find some brand new deNOx aftertreatment systems.
To find a suitable auxiliary system, it requires more investigations to under-
stand the mutual affect when combining this system with the main one. Due to
difficulties in application of aftertreatment techniques in real systems as mentioned
before, the model system (or lab-scale size system) is a good solution. The cost
is significantly reduced while characteristics of system is reliable. These advan-
tages of using model system for research purposes are also true in case of finding
a new system. Additionally, due to the difficulties of observing and controlling
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treatment processes in the real system, it is better to use the simplified system to
understand the physical and chemical reaction mechanisms in the system. For all
of those reasons, in this study, the simplified model of dielectric barrier discharge
reactor was proposed to investigate NOx removal characteristics.
(3) Practical exhaust gas and simulated exhaust gas
There are also some difficulties in controlling and sampling of the practical exhaust
gas. Firstly, it is very hard to keep the engine operating stable during a long test
time. In addition, engine is a complicated system so there are many parameters
that influence in emission composition. Typically, diesel engine exhaust gas con-
tains 50ppm-2500ppm of NO, 20ppm-400ppm of HC, 5ppm-600ppm of CO, and
8%-12.6% of O2. Both of those make the experimental results become unreliable.
Finally, the cost to run engine should be concerned.
Alternatively, the simulated exhaust gas was chosen in order to avoid the
complexity of using the practical one. This method becomes more significant for
adjustment of gas composition in small amounts and in short intervals, where it
is impossible in the real system. In the literatures, the NO concentration in the
simulated gas was adjusted in a concentration from 50ppm to 500ppm.
(4) Combined system with DPF
Using non-thermal plasma to remove NOx has showed potentiality. The advantage
of this aspect is the low temperature elimination of NOx that is quite important
for vehicle emission exhaust where most of emission testing cycles occurs at low
temperature. In addition, as mentioned in previous section, PM and NOx af-
tertreatment systems now become mandatory in legislation context due to very
strict emission standards. Hence, the combined system of an dielectric barrier
discharge reactor and a DPF was proposed.
In the literatures, most researches concerning NOx and PM emission elimina-
tion using non-thermal plasma was conducted by employing either a DBD reactor
alone or a plasma-assisted catalysis working under high temperature condition
(over 150◦C).[26, 61, 68] Although there have been evidences that non-thermal
plasma decomposes diesel particulate matter but its mechanism is still not clear.
Moreover, the experimental data are rather controversial, and there is no general
agreement about PM reduction under discharge field. Therefore, it is necessary
to investigate extensively the effect of PM on NOx removal process and its mech-
anism.
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1.4.2 Objective of this study
The aim of this study is first to examine and validate the NOx removal behavior
under barrier discharge field. The NOx treatment following applied voltage, energy
density, and running time is investigated experimentally. The simplified model for
laboratory experiments consists of a wire-to-cylinder DBD reactor combined with
a diesel particulate filter (DPF).
(1) NOx removal efficiency
The effect of oxygen on NOx abatement process at different gas flow rates is
considered. Experiments of various oxygen fraction at constant gas flow rate are
carried out. By this way, the mechanism and efficiency of NOx removal process
are studied. The results are also referred to previous works in the literatures.
(2) PM effect on NOx removal
This study focuses on extensively investigating the effects of particulate matter
(PM) on NOx removal in DBD reactor. Firstly, the experiments in cases of DPF
without and with PM are done. In the next step, different PM mass are loaded
on DPF. The effect of PM depending on test running time is investigated. The
chemical reaction mechanisms in these processes are also discussed.
(3) “Fresh PM” and “Aged PM”
Through this study, two new definitions of “Fresh PM” and “Aged PM” are pro-
posed to explain the significant effect of PM on NOx removal process. The tests
with “Fresh PM” and “Aged PM” in the same conditions of gas composition and
flow rate are done. These results are compared to that of the case of DPF without
PM to see the differences.
(4) Adsorption effect of PM
The experiments in transient mode of four hours and six hours with pre-treatment
in DBD are carried out. At pre-treatment stage, different gas compositions and
energy densities are applied. From the test results, the NOx adsorption effect of
PM can be identified. By conducting this study, basic knowledge of NOx treatment
using non-thermal plasma can be understood. Moreover, this work may help in
establishing more effective catalyst applied for the real diesel engines.
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1.4.3 Outline of the thesis
Chapter 1
This chapter gives an overview of NOx problem and deNOx methods have been
used up to now. The reviews of previous research works in the literature relating
to NOx removal by non-thermal plasma are also available. Finally, objectives of
this study are given.
Chapter 2
The methodology and experimental apparatus are described in this chapter. Re-
lated contents include test procedure, gas composition. PM sampling, experimen-
tal parameters, and data analysis are showed. Further basic performances of the
proposed reactor are introduced here.
Chapter 3
In this chapter, the experimental results of NOx reduction by N radical and re-
garding the effects of oxygen on NOx removal characteristics are given. In addition
to the test results, the reaction mechanism and some discussions are made.
Chapter 4
This chapter shows the experimental results regarding the effects of particulate
matter (PM) on NOx removal behavior. The definitions of “Fresh PM” and “Aged
PM” are described. The test results, chemical mechanism and related discussions
are given.
Chapter 5
The experimental results of NOx removal performance in transient tests are showed.
Detailed description of each kind of tests (four hours mode and six hours mode)
are available. Through test results, N radical adsorption, NOx adsorption effect
of “Fresh PM” and “Aged PM” are identified and discussed.
Chapter 6
This chapter summarizes the conclusions that are made through this study.
Chapter 2
Experimental apparatus and
method
2.1 Methodology
2.1.1 Dielectric barrier discharge applicable for deNOx re-
actor
(1) Demand for deNOx plasma reactor
The harmful effects of nitrogen oxides (NOx) being known for many years, regula-
tions in NOx emissions have been progressively introduced in most of the countries
worldwide. Therefore, it requires an reactor to convert them to N2 (see Fig.2.1).
Among deNOx aftertreatment techniques, the plasma reactor has been introduced
as a new promising approach.[36]
Exhaust gas from internal 
combustion engine
NOx 
emission
DeNOx reactor
Clean 
exhaust 
gas
Figure 2.1 The necessity for deNOx reactor
From that point of view, the plasma reactor should meet following demands.
Firstly, it is applicable to practical system. Secondly, it is also applicable for engine
30
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aftertreatment system. These demands cover the capability of transferring from
lab-scale size model to a big one in the real system. It should not be complex.
This leads to the third requirement, a compact design of the reactor. Additionally,
the cost should be concerned.
For the conventional NTP reactors that are employed in laboratory experi-
ments, there are some common types of dielectric discharge NTP reactor as shown
in Fig.2.2.[24] Brief descriptions of each type are given and technical verdict for
deNOx reactor are performed in this research work.
Figure 2.2 Dielectric discharge NTP reactors
(2) Dielectric barrier discharge reactor
A dielectric barrier discharge (DBD) or silent discharge, typically has at least one
dielectric (e.g. glass, quartz or ceramic) material between the electrodes. DBDs
are generally operated in either the planar (Fig.2.2(a)) or cylindrical (Fig.2.2(b))
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configurations.[69] When the local electron density in the discharge gap reaches
a critical value, a large number of separate and short-lived current filaments (mi-
crodischarges) are formed.[70] When a microdischarge reaches the dielectric
layer, it spreads into a surface discharge and the accumulation of the transferred
charge on the surface of the dielectric barrier making the electric field reduced.
As the electric field further reduced, electron attachment prevails over ionization
and the microdischarges are extinguished. When the polarity of the AC voltage
changes, the formation of a microdischarge is repeated at the same location if the
electron density again reaches a critical value necessary for electrical breakdown.
Therefore, the dielectric in the discharge zone has two functions: (1) limiting
the charge transferred by an individual microdischarge and (2) spreading the mi-
crodischarge over the electrode surface which increases the probability of electron
collisions with bulk gas molecules.[70]
For lab-scale model, the cylindrical configuration is better because of its com-
pact and easy to setup. Besides that, it is convenient to combine with a particulate
filter for investigating NOx treatment with diesel exhaust gas.
(3) Surface discharge reactor
Another type of DBD configuration is the surface discharge (Fig.2.2(c)).[69] In
this reactor, a series of strip electrodes are attached to the surface of a high-purity
alumina ceramic base. The remaining electrode is embedded in inner of the base
and functions as an induction electrode. The ceramic base can be either planar or
cylindrical. When an AC voltage is applied between electrodes, a surface discharge
starts from the peripheral edges of each discharge electrode and stretches out along
the ceramic surface. The surface discharges consist of many nanosecond surface
streamers.[71]
This configuration is simple and easy to setup. However, the discharge is just
on the surface of reactor so it is difficult to apply for a flow of gas which requires
a volume discharge.
(4) Pulsed discharge reactor
A pulsed corona discharge (Fig.2.2(d)) reactor uses a pulsed power supply with a
fast voltage rise time (tens of nanoseconds) to enable an increase in corona voltage
and power without formation of sparks, which can damage the reactor and decrease
the process efficiency.
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The pulsed corona discharge usually consists of streamers, for which the ion-
ization zone fills the entire electrode gap. The required voltage level to energize the
discharge depends on the distance between the electrodes, the pulse duration and
the gas composition.[72] The duration of a pulse voltage is typically in the or-
der of 100–200ns to ensure that spark formation is prevented and that the energy
dissipation by ions is minimal. The electrode configuration of a pulsed corona
discharge reactor can be either wire-to-cylinder [36, 48, 73–75] or wire-to-plate
[76–78].
This type of reactor requires a pulse generator for its operation. That makes
system complicated and difficult to handle, especially in practical use.
(5) Ferroelectric pellet packed-bed reactor
A ferroelectric pellet packed-bed reactor (Fig.2.2(e)) is a packed-bed reactor filled
with perovskite oxide pellets. The most widely used ferroelectric material is Bar-
ium titanate (BaTiO3) due to its high dielectric constant (2000 <  < 10000).
Other used ferroelectric materials are NaNO2 [79], MgTiO4,CaTiO3, SrTiO3,PbTiO3,
[80] and PbZrO3PbTiO3 [81]. Application of an external electric field leads to po-
larization of the ferroelectric material and induces strong local electric fields at the
contact points between the pellets and between the pellets and electrodes. This
enables the production of partial discharges in the vicinity of each contact point
between the pellets.
This configuration is suitable for gas treatment rather than gas with PM.
Since PM may cover the surfaces of pellets and make them inactive, this system
is not applicable for present purpose of this study.
2.1.2 Plasma reactor with DPF
(1) Application of plasma reactor to DPF system
The necessity of combination of deNOx reactor and diesel particulate filter (DPF)
to meet current diesel emissions legislation has been discussed in previous chapter.
In the literature, some research works [25, 26, 36, 48, 62, 82] had been done on
the NOx removal phenomena with electric discharge or plasma condition. So far,
however, there has been little discussion about the influence of PM on NOx removal
characteristics using plasma reactor.
(2) Selection of discharge reactor type
The most significant advantage of non-thermal plasma (NTP)(includes corona and
dielectric barrier discharge (DBD)) for NOx treatment is low temperature activity.
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In other catalytic approaches, certain desired reaction paths can only be attained
at high temperature and pressure. By using a NTP reactor, it can substantially
lower the apparent activation energy and achieve activity already at much lower
temperature. Another merit of NTP is that non-equilibrium plasma conditions
can be provided at atmospheric pressure.
The main characteristic of the DBD is that a dielectric layer covers one of
the electrodes, or sometimes both electrodes. The detailed theoretical description
of DBD operation is summarized in Eliasson and Kogelschatz [27, 70]. When
the voltage is applied between the electrodes, many micro-discharges, or plasma
filaments are initiated, which are distributed in the discharge volume.
To meet the demand for deNOx plasma reactor as mentioned above, the reac-
tor should have a high endurance that leads a need of simple system. Furthermore,
the discharge reactor should generate an stable discharge and high efficiency. Fi-
nally, the reactor needs to be compact and packed well. For all of those, a barrier
discharge is a suitable solution.
(3) Selection of AC discharge
As choosing a barrier discharge reactor, the capacitive coupling of the dielectric
material requires an alternative electric field to drive a displacement current. DBD
reactor cannot be operated with DC voltages. For convenience, the normal AC
power source of 100V and 50Hz is used. And voltage was elevated by a transformer
to around 15kV.
(4) Dielectric material
The dielectric material is Pyrex glass which is made of borosilicate glass.Its com-
position is 80.6% SiO2, 12.6% B2O3, 4.2% Na2O, 2.2% Al2O3, 0.04% Fe2O3, 0.1%
CaO, 0.05% MgO, and 0.1% Cl. It has density of 2.23g/cm3, mean excitation en-
ergy of 134eV, and volume resistivity of 1.2x109ohm-cm. Another important pa-
rameter of dielectric material is dielectric constant, or relative permittivity, which
is defined by the ratio of the amount of electrical energy stored in a material by an
applied voltage, relative to that stored in a vacuum. Pyrex glass has a dielectric
constant of 4.1.
(5) Concept of plasma reactor with DPF
Concept of plasma reactor with DPF relies on two ideas: concept of a needle-
to-cylinder barrier discharge to form N radicals, and concept of barrier discharge
in DPF to investigate mutual affect between NOx removal process and PM. The
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needle-to-cylinder (or wire-to-cylinder) type reactor was chosen since it showed
the best performance among common reactor configurations in range of not very
high applied voltage (under 20kV).[83, 84]
2.2 Apparatus and procedure
2.2.1 Experimental setup
(1) Barrier discharge deNOx reactor with DPF
From the concept of a plasma reactor with DPF as talked before, a needle-to-
cylinder type reactor and a wire-to-cylinder reactor combined with DPF were
proposed. PM effects of NOx removal such as absorption of NOx and catalytic
reduction of NO were experimentally investigated here as a feasibility study of
new after-treatment system of diesel engine. A lab-scale reactor and simulated
diesel exhaust gas of N2,NO,NO2, and O2 mixture with PM were used to examine
the effects of PM to NOx removal characteristics.
Figure 2.3 shows the structure of reactor in details. The barrier discharge
reactor consists of two sections in series. A pre-reactor section on the left side is a
needle-to-cylinder type reactor. It consists of a steel needle with diameter 1.8mm
working as high voltage electrode and a stainless steel foil of 105mm length working
as ground electrode. The pyrex glass cylindrical tube with inner diameter 36mm,
outer diameter 50mm, and 120mm length is used as dielectric material. On the
High voltage electrode 
(a needle)
High voltage electrode 
(9 wires)
Ground electrode
PRE-REACTOR MAIN REACTOR
DPF
Pyrex glass 
cylinder
Flow
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175
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0
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Figure 2.3 Dielectric barrier discharge reactor with DPF
right side is the main reactor section, that is wire-to-cylinder type reactor. It
consisted of a DPF, a bunch of 9 wires (diameter 0.6mm) inside DPF working
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as high voltage electrode and stainless steel foil with 40mm length working as a
ground electrode. The cylinder of 60mm length with the same specifications as the
pre-reactor’s one covers DPF and high voltage electrode. DPF has two functions:
as a PM loaded filter and as the dielectric barrier material. The needle and the
9-wire bunch are connected inside the cylinder to a high voltage power source.
Also, two stainless steel foils are connected to a common ground point. The
coupling points such as between cylinders, pipes in and out cylinders, electrodes
into cylinders are sealed with rubber rings to prevent gas leakage. A picture of
the real system is shown in Fig.2.4.
Figure 2.4 Picture of DBD reactor with DPF
(2) Diesel particulate filter (DPF)
The primary function of the DPF is to trap the soot particles. The DPF is often
made of a porous material allowing the flowing of gases but trapping the soot
particles contained in engine emissions. The exhaust gases must circulate through
the porous medium because the input channels are closed at their end with a plug
(see Fig.2.5). Consequently, the gases pass into the adjacent channels, or output
channel, which are open at their end and closed at their entry.
The DPF used in our experiments was a cordierite wall-flow type, and down-
sized one for lab-scale experiment. Its dimensions are 35.5mm in outer diameter
and 60mm in length. There are 117 channels (square holes) of 1.5mmx1.5mm.
Total volume of the DPF was 31.6cm3. To load PM on the DPF, a diffusion flame
PM formation system [85] was used. A photo of this DPF is in Fig.2.6.
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Figure 2.5 Structure of diesel particulate filter (DPF)
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2-1．実験装置 
2-1-1．誘電バリア放電装置 
 図 2-1は DPF概略図，図 2-2は DPF写真を示す． 
 ディーゼルパティキュレートフィルタ（DPF）はコージライトといった酸化
物からなる素材を使用した多孔質セラミックスで，ディーゼルエンジンの排ガ
スに含まれる粒子状物質（PM）を排ガスから取り除き，堆積させる．PMは燃
料の燃え残りである炭素と炭化水素，燃料中に含まれる硫黄成分が凝集してで
きているため，DPF に堆積したものは定期的に高温の排気ガスや火炎といった
炭素を酸化させる高温環境を作り出ることで除去する．そのため，耐熱性や耐
熱衝撃性に優れている，また熱膨張率の低い材料が用いられる．本研究では，
市販のディーゼルエンジンに使用するDPFの容量では実験には使用できないた
め，研究用に小さいサイズを使用している． 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
図 2-2 DPF写真 
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Figure 2.6 Photo of test DPF
(3) Experimental setup
A schematic of experimental setup is showed in Fig.2.7. A real look of the ap-
paratus is on Fig.2.8. The test gas was a mixture of NO,NO2,O2 and N2. NOx
concentration was kept constant at 112ppm while O2 concentration was changed
from zero to 20%. Simulated exhaust gas from cylinders passed through valves
and pipeline system to reactors. The gas flow rates of 0.5, 1 and 2L/min were
controlled by flowmeters (KOFLOC, RK 1250 series). After coming out from the
reactor, the test gas was collected by a Tedlar bag and analyzed by an FTIR
exhaust gas analyzer (Horiba Co., Ltd., MEXA-4000FT).
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Figure 2.7 Schematic diagram of experimental apparatus
DBD reactors
AC Potentiometer
Flowmeter
Gas tube
Flowmeters
HV electrode
Figure 2.8 Picture of experimental apparatus
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(4) High voltage AC power source
Figure 2.9 illustrated the high voltage circuit of the discharge reactor. The supply
power source is a normal AC 100V, 50Hz which go through two transformers before
reaching the reactor. The primary transformer, also a volt slider is used to adjust
input applied voltage. The secondary transformer (neon transformer, ratio 1:150)
converts the input voltage into high voltage in the range from 5kV to 15kV. A
high voltage probe, Iwatsu HV-P30, with ratio 1000:1 is inserted into circuit to
minimize load on the oscilloscope.
VV
AC 
100V 
Main switch
Pilot 
lamp
DBD reactorSecondary transformer
(1:150)
Primary transformer
Voltmeter
High voltage 
probe 
(1000:1)
Oscilloscope
Earth line
Chassis earth line
AAAmmeter
Figure 2.9 High voltage electric circuit of the discharge reactor
(5) Measurement of high voltage and electric current
The voltmeter is installed to measure induced voltage of the primary transformer
(input value of the secondary transformer). The high voltage applied to DBD
reactor is calculated by multiplying that value to 150 (conversion ratio of the
secondary transformer). Due to highly difficulty in measurement of AC current in
high voltage condition, the ammeter was installed on the earth side of the circuit
(Fig.2.9).
(6) Gas and PM analysis
As mentioned above, gas concentrations (NO,NO2,CO,CO2,HC, etc.) were mea-
sured by the Fourier Transform Infrared (FTIR) analyzer, Horiba MEXA-4000FT.
The principle of this FTIR analyzer is shown in Fig 2.10. Basically, infrared radi-
ation from source (S) is passed through a sample in a cell. Some of the infrared
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radiation is absorbed by the sample and some of it is transmitted to the opti-
cal detector (D). The resulting spectrum represents the molecular absorption and
transmission, creating a molecular fingerprint of the sample. Since no two unique
molecular structures produce the same infrared spectrum, so it can identify un-
known materials and determine the amount of components in a sample mixture.
S
Infra-red radiation source
Cell
Analysis gas
D
Optical detector
Interferometer
Mobile mirror
Fixed mirror
Semireflecting
mirror
Figure 2.10 Principle of the FTIR analyzer
The interferometer is an optical measuring unit. It employs a semi-reflecting
mirror (or beamsplitter) to take the incoming infrared beam and divide into two
optical beams. One beam goes to the fixed flat mirror and the other goes to
the movable one. Both two beams reflect off of their respective mirrors and are
recombined at the beamsplitter. Because the path that one beam travels is a fixed
length and the other is constantly changing as its mirror moves, the collected signal
after the interferometer is interfering beam (or interferogram). The interferogram
then is interpreted by a mathematical technique, Fourier transformation, to show
the spectral information.
The detectable range of gas composition of the FTIR MEXA-4000FT is
showed in Table 2.1. For PM composition, soot, SOF, and sulphate fractions
were determined by the particle mass analyzer Horiba MEXA-1370PM. Its detec-
tion limit of soot is 0.2µg, of SOF is 0.2µg and of sulphate is 8µg. This analyzer
uses quartz filter as PM trapping filter. It works under temperature condition
from 5◦C to 35◦C. The analysis time is four minutes per sample.
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Table 2.1 Working range of the FTIR analyzer MEXA-4000FT
Range Range
Monoxide carbon CO 0-200ppm Formaldehyde HCHO 0-500ppm
0-1000ppm Acetaldehyde CH3CHO 0-200ppm
0-5000ppm Methanol CH3OH 0-500ppm
0-2% 0-2000ppm
0-10% Acetone CH3COCH3 0-100ppm
Dioxide carbon CO2 0-1% Methyl tertiary butyl ether (CH3)3COCH3 0-200ppm
0-5% Formic acid HCOOH 0-100ppm
0-20% Methane CH4 0-500ppm
Nitric oxide NO 0-200ppm Ethylene C2H4 0-500ppm
0-1000ppm E thane C2H6 0-200ppm
0-5000ppm Propene C3H6 0-200ppm
Nitrogen dioxide NO2 0-200ppm 1,3 -butadiene 1,3-C4H6 0-200ppm
Nitrous oxide N2O 0-200ppm Isobutylene iso-C4H8 0-200ppm
Water H2O 0-24% Benzene C6H6 0-500ppm
Ammonia NH3 0-500ppm Toluene C7H8 0-500ppm
Sulfur dioxide SO2 0-200ppm (NO+NO2)
Gas composition Gas composition
Figure 2.11 illustrates the operating principle of MEXA-1370PM. Firstly, the
PM collected filter is placed in the analyzer’s furnace and heated to 980◦C in a
N2 gas flow. Then SOF and sulfate in trapped particles are vaporized by heat in
N2 atmosphere. Vaporized sulfate is deoxidized to SO2 by heat and measured by
SO2 non-dispersive infra-red (NDIR) detector. Next, vaporized organic fraction is
oxidized by constant flow of O2 and measured as CO2 by NDIR detector. Finally,
output of CO2 detector is integrated while N2 is flowing to determine SOF mass
and while O2 is flowing to determine soot mass.
Quartz filter Quartz filter
PM collected 
on quartz filter
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SO2 
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O2
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Furnace temperature: 9800C O2
SOF 
oxidization
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of SO2
Figure 2.11 The operating principle of the PM composition analyzer Horiba
MEXA-1370PM
To determine particle size distribution of PM, the Scanning Mobility Par-
ticle Sizer (TSI SMPS-3034)was used. The particle size range is from 10nm to
487nm. Total particle concentration is from 102 to 107 particles per cubic cen-
timeter (/cm3).
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The schematic of operating principal of the TSI SMPS-3034 is expressed in
Fig.2.12. The SMPS system measures the number size distribution of particles us-
ing an electrical mobility separation technique. This device has three main units:
Bipolar Kr-85 charge neutralizer, DMA (differential mobility analyzer) for par-
ticle size separation, and CPC (condensation particle counter) for concentration
measurement. Charged soot particles sample is passed through DMA, which con-
Kr-85
Neutralizer
Center high 
voltage rod
Soot particles 
IN
High voltage supply
Exhaust air
High efficiency 
filter
Filtered 
sheath air
Mono-particles 
OUT Butanol-
based CPC
DMA
Figure 2.12 The operating principle of the PM particle size distribution an-
alyzer TSI SMPS-3034
sists of two concentric metal cylinders. While the outer cylinder is grounded, a
controlled negative voltage is applied to the inner cylinder. Two laminar flows,
one containing a charged soot particles sample and the other containing particle-
free sheath air, flow through an annular space between the two cylinders. At
each specific voltage, only particles with a specific electrical mobility (inversely
proportional to the particle diameter) are capable of passing through the DMA
into a butanol-based CPC where the particles are counted. To obtain a full size
distribution of a sample, the voltage applied to the inner cylinder of the DMA is
exponentially scanned.
2.2.2 Test gas
Generally, average emission from diesel engine exhaust is at level of 50ppm-2500ppm
of NO, 20ppm-400ppm of HC, 5ppm-600ppm of CO, and 8%-12.6% of O2. To pre-
vent from the complexity of using practical exhaust gas, the simulated gas mixture
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of NO,NO2,O2 and N2 was chosen. NO concentration was around 100ppm, O2
fraction was varied from 5% to 20%. For almost cases in this study, the NO con-
centration of 100ppm, O2 fraction of 10%, and N2 left was used. For this gas
composition, at gas flow rate of 1L/min, the partial flow rates of each gas were
divided as follows: 0.1L/min for NO, 0.1L/min for O2, and 0.8L/min for N2. The
typical experimental conditions in the literature including reactor type, concentra-
tions of gas mixture, gas flow rate, and applied voltage range are shown in Table
2.2.
Table 2.2 Typical experimental conditions in the literature
Reference Reactor NO NOx O2 Flow Voltage
type ppm ppm % L/min kV
Penetrante et al. [86] DBD 100 2 15–35
Obradovic et al. [12] DBD 50–300 16 2.5 20
Arai et al. [34] DC corona 100 0–20 1 0–15
Mok and Huh [26] DBD-cat. 180 14.2 10 8–15
Mok [14] Packed bed 275 300 5 12–17
Leipold et al. [37] DBD 500 7–20 1–6 125–468W
Santillan et al. [48] DBD 250–1000 10 1–13 9–20
Present work DBD 100 112 0–20 0.5–2 0–15
Comparing to the practical diesel exhaust gas composition, O2 fraction was in
similar range. NO concentration of 100ppm was chosen because this concentration
of NO is still meaningful at some certain operating conditions of the diesel engines.
It has been used in some research works in the literatures [26, 34, 87] to study the
NOx removal characteristics. Additionally, the small lab-scaled size DBD reactor
and the limited high voltage source in this study only has the capability of fulfilling
experiments at this level of concentration. That is a reason why gas flow rates of
0, 1L/min, and 2L/min were used.
2.2.3 PM
(1) PM generator
To load PM on the DPF, a diffusion flame PM formation system [85] was used. The
schematic layout of this system is illustrated in Fig.2.13. Liquid fuel from the tank
was heated to 130◦C by an electric heater. The combustion air was blown through
a layer of mesh plate with alumina balls as a filter into combustion chamber. In
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the combustion chamber of 60mmx60mmx240mm, as ignited, a diffusion flame of
diesel fuel was formed and it generated PM. Then PM exhausted from the top of
the chamber was loaded on the DPF by using the pump installed behind it.
60
PM emission
2
4
6
Pump
Alumina balls
Mesh plate
Heater
Combustion air
Thermocouple
Fuel tank with 
level controller
Fuel surface
Diffusion flame
Glass window
DPF
Figure 2.13 PM formation system with diffusion flame
(2) Fuel
Due to the chemical complexity of fossil diesel fuel, some representative compounds
and mixtures are often used for research purpose. In this study, the mixture of
α-methylnaphthalene and n-decane used as a surrogate diesel fuel to generate
PM. When fuel with sulfur is required, thiophene will be added into the surrogate
fuel. The formula and structure of α-methylnaphthalene, n-decane, and thio-
phene are shown in Table 2.3. The volumetric ratio to get surrogate fuel without
sulfur and the one with 350ppm sulfur are also available. The mixture of 30%
α-methylnaphthalene and 70% n-decane (cetane number of 58, [88]) was used as
a standard fuel.
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Table 2.3 Surrogate diesel fuel composition
α-methylnaphthalene n-decane Thiophene
Structure
Volumetric 
ratio
CH3(CH2)8CH3C10H7CH3Formula C4H4S
Surrogate fuel without sulfur
Surrogate fuel with 350ppm sulfur
30 70
0.7ml/1L30 70
(3) Characterization of test PM
The composition and particle size distribution of PM using in this study were
showed in Figs.2.14 and 2.15. Figure 2.14 expresses the compositions of four
different PM samples: PM01,PM02,PMSUL and PMWET. PM01 was sampled
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Figure 2.14 Composition of different PM samples
from above PM generator with the flame height Lf=50mm whereas PM02 was the
one with Lf=30mm. PMWET was similar to PM02 (Lf=30mm) but the loaded
DPF was not dried up with N2. And PMSUL was taken with the fuel blended with
350ppm thiophene at the flame height of 50mm. The analysis results showed the
SOF in cases of PM01 and PM02 were 6% and 11%, respectively. Sulfate fraction
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in case of PMSUL was 0.24%. For PMWET, SOF was 10% and water (moisture) was
5%. In short, the flame height showed its effect on PM composition rather than fuel
composition. For the same flame height (Lf=30mm as PM02, PMWET; Lf=50mm
as PM01,PMSUL), SOF was almost the same while soot fraction changed slightly
according to fuel composition. In this study, to eliminate the effect of hydrocarbon
and water on NOx removal, most of taken PM samples with Lf=30mm were dried
up and had SOF about 10%.
Concerning particle size distribution, Fig.2.15 illustrated the experimental
results using SMPS-3034 in cases of (1) fuel consumption rate Mf=1.1mg/s,
flame height Lf=30mm with or without sulfur addition and (2) Mf=2.17mg/s,
Lf=50mm. At the flame height Lf=30mm, the number concentration got peak at
particle diameter about 100nm. For Lf=50mm, the number got peak at particle
diameter about 120nm. PM samples used in this study were taken from non sulfur
fuel with Lf=30mm.
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Figure 2.15 PM particle size distribution
(4) PM loading on DPF
Figure 2.16 shows the procedure of pre-treatment and PM loading on the DPF.
It shows the steps to get the required PM mass for DPF. In this study, the PM
mass of 100–200mg was chosen. The reason is that a PM loading of 1 to 5g/L was
commonly reported in the literature as experimental data of the DPF. [48, 56, 82]
The DPF used in this experiment was a kind of down-sized model with a volume of
0.0316L (Fig.2.5). Thus, 100mg PM loading means 3.2g/L. This was the general
condition of PM loading.
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Figure 2.16 PM sampling chart
For loading PM, at first a new clean DPF is purged by N2 in 30 minutes with
a flow rate of 1L/min in order to make sure that there are no residues inside the
DPF. Then it is put on the electric micro-balance to determine tare weight. After
that, DPF was loaded with wet PM by the PM generator in 20–25 minutes. So
in actual, PM, hydrocarbons and also water was loaded (see Fig.2.14). In order
to determine PM mass and exclude the effect of hydrocarbon and water to NOx
removal characteristics, in the next step, the DPF with PM was dried up with
N2. Finally, the loaded DPF will be put on the micro-balance to check if the PM
mass is 100mg or not. If the PM mass is still not enough, then the PM should be
reloaded.
The state of a electrode inside a channel of DPF was sketched in Fig.2.17.
The electrode is covered with a PM layer. An average thickness of PM layer was
from 2–2.6µm. That was calculated with the mean PM density of 1mg/cm3 [89],
and loaded PM mass of 100mg. It was assumed that PM was covered with the
same thickness at every surface areas of the DPF.
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Electrode covered with PM layer
Plug
Porous wall
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Figure 2.17 Model of electrode with PM inside DPF
2.2.4 Experimental parameter and data analysis
(1) Definition of NOx
In this study, NOx concentration in ppm was defined by sum of NO concentration
in ppm and NO2 concentration in ppm.
NOx = NO + NO2 (2.1)
In some experiments, N2O and N2O5 might be formed but they were not added
into NOx because they are out of emission legislations.
(2) Discharge energy density
Discharge energy density is defined as discharge power per unit of test gas volume,
in J/L. It means the total discharge energy received in the reactor.
E =
60 · P
Q
(2.2)
where
P is the discharge power, in W (or J/s)
Q is the gas flow rate running through system, in litre per minute (L/min).
The calculation of discharge power P will be described in section 2.3.4.
(3) DeNOx efficiency
DeNOx efficiency in percent (%) was defined by the ratio between NOx reduction
from initial concentration in ppm and the input concentration in ppm.
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2.2.5 Experimental condition and procedure
(1) Setup of experimental condition and gas sampling
All the experiments were carried out under room temperature conditions. The
exhaust simulated gas comes from gas cylinders. There are three types of original
gas to be used: N2,NO, and O2. Gases from cylinders were regulated by valves
and flowmeters to ensure the dedicated composition. The sampling gas volume
of 10L needs to be taken into the Tedlar bag so with the gas flow rates of 0.5, 1,
2L/min then sampling time should be 20, 10, and 5 minutes, respectively.
(2) Procedure
To investigate the NOx removal characteristics following applied voltage or energy
density, sampling gases were taken at every 1kV in the range of applied voltage
(0–15kV). In addition, the by-pass sampling gas (no applied voltage and gas does
not come into reactor) was also taken for evaluation.
In steady reaction and transient state tests, sampling gases were taken at
every 1 hour running during experiment, i.e 0–6 hours maximum. The by-pass
sampling gas was also taken as previous case.
In case of DPF loaded with PM, gas composition and sampling procedure was
the same. PM sampling was already described in previous section 2.2.3.
In the next chapters, the experimental results of NO2 removal in case of
N2 + NO mixture comparing to those in case of N2 + NO + O2 mixture with O2
fraction changed from 0–20% are showed. In details, five different O2 fractions,
namely 1%, 5%, 10%, 15% and 20% were reported.
Although it had been reported partly in previous research works [34, 38–
40, 90, 91], the role of O2 as an oxidation agent was extensively investigated in the
present study. Additionally, from those results, the proposed reaction mechanism
inside the reactor was confirmed.
2.3 Basic performance of the reactor
2.3.1 Spark discharge limit and maximum safety voltage
As the applied voltage increased from zero, the electric current of the reactors
increased. The current started to increase rapidly from applied voltage of 8kV
(equals to 54V at volt slider). When applied voltage beyond 14.3kV (equals to
95V at volt slider), spark discharge sometimes took place between outside of main
reactor’s cylinder and high voltage electrode. So the applied voltage of 14.3kV was
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the maximum safety voltage of the reactor. For safety reason when experiments
were taken place in a long time (up to six hours), the standard value of applied
voltage was 12.75kV.
2.3.2 Electric currents of pre-reactor and main reactor
Electric currents of pre-reactor (needle-to-cylinder) and main reactor (9-wire-to-
cylinder) are expressed in Fig.2.18. They were measured as each reactor stood
alone, test conditions were the same in both cases. The maximum value of 118µA
was reached at applied voltage of 14.3kV.
0 5 10 15
0
100
200
50
150
Applied voltage    kV
N2 + NO + O2   
NOx = 112ppm
E
le
ct
ri
c 
cu
rr
en
t 
  
  
µ
A
  
  
  
  
 
Main reactor (9-wire-to-cylinder)
Pre-reactor (needle-to-cylinder)
Phase A
Phase B
Effective current zone for 
N radical formation
Main reactor
Pre-reactor
(a) Electric currents of pre-reactor and main reactor
Q = 1L/min
E
e -
e -
e -
e -
e -
e -
e - e - e - e - e -
e - e - e - e - e -
e - e - e - e - e -
e - e - e - e - e -
e - e -
e -
e -
e -
e -
e -
e -
e -
e -
e -
e -
e -
e -
e - Free electron in 
conductor 
substance
Bound electron 
in dielectric 
substance
Free electron 
in space
Capacitic 
electrons
(b) Current model (c) Displacement and discharge 
currents in DBD reactor
E
e - e - e -
e - e - e -
e -
e -
e -
e -
e -
e -
e -
Free electron
Bound electron
Discharge 
current
Displacement 
current
Figure 2.18 Discharge and displacement currents
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From the experimental result in Fig.2.18(a), the current curves demonstrate
two phases: phase A of displacement current and phase B of discharge current.
These currents were illustrated by a current model in Fig.2.18(b). Discharge cur-
rent was formed from the movement of free electrons in discharge volume whereas
displacement current formed from bound electrons in dielectric substance. In other
words, displacement current was created by electron displacement from atom to
atom in a solid substance. Thus it is proportional to the applied voltage (dotted
lines in Fig.2.18(a)). The description of displacement current in details can be
seen as in Fig.2.18(c). At the initial stages of applied voltage in phase A, when
the gas breakdown point was not reached, the circuit was closed by displacement
current rather than charged particles transport.[6] When applied voltage was
higher than the gas breakdown point (about 8kV in this case) in phase B, the
current was a total of displacement current and discharge current. As a result,
the current was increased considerably when applied voltage increased. Because
it was very difficult to separate exactly the discharge current and displacement
current (non-effective current for deNOx) then overall current was used for energy
index in this thesis.
2.3.3 Current-voltage characteristics
The current-voltage characteristics of the experimental system with gas mixture
of NOx,O2, and N2 at the flow rate of 1L/min is shown in Fig.2.19. NOx con-
centration was kept constant at 112ppm; O2 fractions of 0, 5%, 10%, and 15%
whereas PM loaded in DPF were 0mg, 100mg, and 200mg.
Current-voltage characteristics shown here could be divided into two groups
of curve: one with PM=0mg and the other with PM=100mg or 200mg. For each
set of curves, as O2 fraction increased, the electric current decreased. Due to the
higher equilibrium constant of the decomposition reaction of molecular nitrogen
comparing to that of molecular oxygen, so N2 was more decomposed than O2.
As a result, with O2=0%, the electric current was high. On the other hand, the
electric current through the reactor with PM loaded on DPF was significantly
higher than that without PM. It was considered that some ionized radicals formed
from PM contributed the increase of electric current. This can be explained that
the electrodes were covered with PM as showed in Fig.2.17, and it made the
discharge surface area increased. Because the maximum safety voltage in case of
NO + N2 + O2 is little lower than the one of NO + N2 gas mixture (14.3kV) so the
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Figure 2.19 Current-voltage characteristics of the reactor
applied voltage of 12.75kV in Chapter 4 which was used as standard test condition
for PM effect investigation. It is in the effective current zone (phase B in Fig.2.18).
2.3.4 Power factor and discharge power
To calculate the supplied power or energy density, the voltage and current (see
Fig.2.9) were measured by the Sanwa digital multimeters CD772 which give the
true root-mean-square (rms) values. Then the power equals to
P = Vrms.Irms.cosϕ (2.3)
whereas
P : Supplied power, in W or J/s
Vrms: The root-mean-square amplitude of voltage, in V
Irms: The root-mean-square amplitude of current, in A
cosϕ: The power factor, with ϕ is the phase angle between the current and voltage.
In this case, ϕ=18◦, checked by the oscilloscope Kenwood OS-8010 as showed
in Fig.2.20. Since cos(18◦)=0.951 is almost unity, cos(18◦)=0.951∼=1, then for
experimental data analysis:
P = Vrms.Irms.cos(18
◦) ∼= Vrms.Irms (2.4)
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Figure 2.20 Phase angle of the reactor
2.4 Summary
In the literatures, there were various types of dielectric barrier discharge reac-
tor configuration introduced to study NOx removal characteristics. Some typical
reactors were planar and cylindrical dielectric barrier discharge (DBD), surface dis-
charge, pulsed corona discharge, and ferroelectric pellet packed-bed reactor config-
urations. The surface discharge configuration is quite simple but it is not suitable
application for a volume discharge in this study. In contrary, pulsed corona dis-
charge can create the volume discharge but its complexity make it difficult in
practical use. The ferroelectric pellet packed-bed configuration can apply for gas
treatment. However, this type of reactor does not meet purpose of this study
regarding gas mixture with PM.
In this study, a cylindrical DBD reactor was chosen since its compact and
simplicity for lab-scale experiments. It can combine well with a DPF to investigate
NOx treatment with diesel exhaust gas as objective of this study. In details, a
needle-to-cylinder (or wire-to-cylinder) configuration was built because it showed
the best performance among common reactor configurations with the not so high
range of applied voltage. The cordierite wall-flow type DPF of lab-scaled size
(outer diameter of 35.5mm and length of 60mm) was used.
Chapter 3
Effects of oxygen on NOx removal
characteristics
3.1 Fundamental NO removal reaction
Oxygen is the oxidization agent of molecule, and NO removal mechanism might be
far different for the cases of with and without oxygen in gas mixture. Thus deNOx
process in the gas mixture without oxygen was first investigated for N radical
effect where N radical was formed by dielectric barrier discharge in the N2 + NO
mixture. To investigate NOx removal in NO + N2 mixture, two types of test were
carried out: steady reaction test (running under maximum safety voltage for 4
hours) and characteristics test (NOx removal as a function of applied voltage or
energy density).
Figure 3.1 shows the experimental results in case of steady reaction test, with
clean DPF (PM=0mg), gas mixture of NO + N2, and flow rate Q=1L/min. The
vertical axis is gas concentration in ppm and the horizontal axis expresses running
time in hours. Concentrations at point [0] indicate initial concentrations of source
mixture. The point zero (0) is the real measured value at the reactor outlet before
reactor is switched on (electric voltage equals to zero).
It can be seen that at point (0), there was a little amount of NO2 detected.
The reason is that there was a slight oxygen leaked into the pipeline and reactor
due to the insufficient sealing. During sampling period, it mixed with gas mixture
of N2 + NO and there was enough time for some NO molecules to be oxidized into
NO2 according to below reaction scheme, so called the natural oxidation process.
2NO + O2 −→ 2NO2
54
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Figure 3.1 NOx removal in N2 + NO mixture (Q=1L/min)
According to Fig.3.1, NO2 and N2O concentrations were detected during exper-
iment. Over four running hours, the N2O concentration was almost zero, so it
could be negligible. NO2 formation was also NO oxidation. NOx concentration
(sum of NO and NO2) decreased at first and then almost unchanged. It means
that the reaction rate of NOx removal, which was also the NO reduction rate,
was independent of running time after applying electricity. However, there was
some ppm of NO2 detected although gas mixture did not contain O2. In this
chapter, experimental result of steady state (running time up to 4 hours) was only
discussed, and the transient phenomenon will be discussed in chapter 4.
The reaction mechanism can be described as follows. When the NO reduction
and NO2 formation shown in the figure were taken into consideration, total NO
change from initial value (NO removal) of 100ppm consists of NO reduction due
to decomposition reaction (75%) and NO oxidation reaction (25%). It means that
NO2 formation is negative reaction for NOx removal. The decomposition reaction
of NO to return N2, or NO reduction, was given by:
N2 + e −→ 2N∗ + e
NO + N∗ −→ N2 + O
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The O radical as a product from this reaction then oxidizes NO to form NO2 (NO
oxidation):
NO + O −→ NO2
Besides that, there might have a small amount of NO was converted to NO2 (NO
oxidation) by following reaction scheme.
2NO −→ NO2 + N
As for the formation of N2O, it was considered that N2O formation reaction
was incomplete NO reduction of N radical with following reaction.
NO + N∗ −→ N2O
Then the existence of N2O was one of the evidences of NO reduction process by
N radical.
3.2 NOx removal in NO + N2 mixture
3.2.1 NOx removal characteristics and less effective area
For NOx removal characteristics test, results in case of gas mixture of 100ppm NO
and N2 left at flow rates of 2L/min, 1L/min and 0.5L/min are shown in Figs.3.2,
3.3, and 3.4. In order to clarify the main parameter of NOx reduction, the gas
flow rate was decreased to 1L/min to 0.5L/min, which are showed in Figs.3.3 and
3.4, respectively.
The experimental results at each value of gas flow rate were illustrated in both
applied voltage (left figure) and energy density (right figure). The vertical axis is
concentration of gas in ppm. The horizontal axis expresses the applied voltage in
kV or the energy density in J/L. Energy density here is defined by supplied power
per unit of gas flow rate. N2O concentration is not concerned in this case because
it was observed that N2O was almost zero during experiments. In these figures,
since the range of applied voltage was the same (0–13.5kV) for all values of gas
flow rates (Figs.3.2, 3.3, and 3.4), it was expressed in the same scale on horizontal
axis.
When the applied voltage is less than 12kV (Fig.3.2), the electric current was
almost displacement current (phase A in Fig.2.18). This can be also observed in
Fig.2.19. Displacement current did not produce any radical in the space because it
did not mean the discharge. In this case, a weak discharge current with low voltage
was generated with low energy radicals. Additionally, the intensity of electrical
field depends on the space inside reactor and applied voltage. So the data expressed
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Figure 3.2 NOx removal in NO+N2 mixture (flow rate Q=2L/min)
in applied voltage implies the NOx removal characteristics of discharge space and
intensity of electrical field. The data expressed in energy density, on the other
hand, shows the NOx removal characteristics for gas flowing through the reactor.
It concerns both electrical field and the discharge energy to an unit volume of
flowing gas.
Figure 3.3 shows the NOx removal effect by barrier discharge reactor with
mixture of 100ppm NO and N2 left at flow rate of 1L/min. In this case, as NO
reduction was 35ppm while NO2 concentration increased up to 5ppm at V=13.5kV,
the total NOx concentration was decreased by 30ppm at this applied voltage.
When energy density increased, the NO concentration decreased. At the flow rate
of 2L/min (Fig.3.2), NO concentration was decreased from 106ppm to 80ppm and
NO2 concentration was decreased a few ppm. Then, the total NOx removal at
12.75kV (E=70J/L) could be approximately 20ppm.
Then the above results are comparable to the previous work carried out by
Zhu et al., 2005 [74], using a cylinder-to-cylinder DBD reactor to study the NO
conversion with gas mixture of NO + N2 at atmospheric temperature and pres-
sure. At gas flow rate of 1L/min and the applied voltage of 12kV (similar to the
maximum safety voltage in our experiments), the NOx removal was 18% to initial
value. In our experiments, the NOx reduction was 30% from the initial value of
100ppm as showed in Fig.3.3. Comparing the results shown in Fig.3.2 and Fig.3.3,
it was clear that under maximum safety voltage, 35ppm NO reduction and 5ppm
NO2 formation in Fig.3.3 is superior than 20ppm reduction in Fig.3.2.
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Figure 3.3 NOx removal in NO + N2 mixture (flow rate Q=1L/min)
The experimental result in case the gas flow rate of Q=0.5L/min is showed in
Fig.3.4. NO2 concentration was around 5ppm during experiment. When increasing
the energy density to 256J/L, NO concentration was 40ppm lower than initial value
at 0J/L. As a result, total NOx concentration was also reduced 40ppm (equal to
44% from initial concentration). In terms of applied voltage, the less effective area
was just limited at the applied voltage of 8kV.
G
a
s 
co
n
ce
n
tr
at
io
n
  
  
  
p
p
m
0
40
80
120
20
60
100
Applied voltage      kV
0 5 10 15
N2 + NO
NO = 100ppm
Q = 0.5L/min
NOx
NO
NO2
Less effective area
(V ≤ 8kV)
0 100 200 300
0
40
80
120
Energy density      J/L
20
60
100
G
as
 c
on
ce
n
tr
at
io
n
  
  
  
p
p
m
N2 + NO
NO = 100ppm
Q = 0.5L/min
NOx
NO
NO2
Less effective area
Figure 3.4 NOx removal in NO+N2 mixture (flow rate Q=0.5L/min)
3.2.2 DeNOx efficiency and minimum energy density
The results shown in Figs.3.2, 3.3, and 3.4 pointed out that the less effective area
in case of 2L/min was at the applied voltage less than 12kV (E=40J/L), in case
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of 1L/min was at the applied voltage less than 10kV (E=40J/L), and in case of
0.5L/min was at the applied voltage less than 8kV (E=40J/L). This implies that
the less effective area was controlled by energy density which was within the phase
A in Fig.2.18 and Fig.2.19 (Chapter 2).
To summarize the experimental results of NOx removal characteristics test in
case of gas mixture of NO and N2, Fig.3.5 expresses deNOx efficiency depending
on energy density at different gas flow rates. Because NO2 concentration was
insignificant, NO removal efficiency and NOx removal efficiency were almost the
same. The maximum NOx removal efficiencies under the maximum applied voltage
were 44%, 35%, and 23% at gas flow rate of 0.5L/min, 1L/min, and 2L/min,
respectively. These results can be explained that as gas flow rate increasing, the
reaction duration inside the reactor was shortened, so number of NOx molecules
which can take part in reactions with activated radicals, was accordingly decreased.
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Figure 3.5 DeNOx efficiency in N2 + NO mixture
From the left figure of Fig.3.5, the deNOx efficiency in case of gas flow rate of
0.5L/min increase started at lower voltage comparing to the cases of 1L/min and
2L/min. In addition, there was also a significant difference in deNOx efficiency
between them at the same applied voltage. At a low gas flow rate (0.5L/min), free
activated radicals inside reactor might reach opposite electrode and take part in
chemical reactions. Those conditions were not available at higher gas flow rates
(1L/min and 2L/min).
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As for the relation between deNOx efficiency and energy density, deNOx effi-
ciency in the case of 2L/min showed different behavior with other cases. It means
that both of energy density and applied voltage were the dominate parameters of
NOx removal reactions. Additionally, the relation between the less effective area
in voltage and the minimum energy density in J/L can also be seen from Fig.3.5.
The less effective area (deNOx efficiency less than around 5%) changed at differ-
ent gas flow rates but it seems that the minimum energy density was constant
at about 40J/L. The minimum energy density was also the limit of displacement
current, as shown in Fig.2.18. So another substantial parameter of NOx removal
is the minimum energy density.
3.3 NOx removal in NO + N2 + O2 mixture
3.3.1 NO and NO2 removal characteristics
NOx removal characteristics with gas mixture of NO=100ppm, O2=10%, and N2
left at gas flow rate of 2L/min was investigated. The experimental result is illus-
trated in Fig.3.6. The left figures are expressed in applied voltage (kV), the right
ones shows the data following energy density (J/L).
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Figure 3.6 NOx removal in N2 + NO + O2 mixture (O2=10% and
Q=2L/min)
At gas flow rate of 2L/min, as can be seen in left figure of Fig.3.6, the chemical
reactions under discharge field started at lower applied voltage (about 7kV) than
in case of gas mixture without oxygen (about 12kV, see Fig.3.2). Since O2 decom-
position was taken more easily than N2 decomposition, O radical reaction might
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be started at lower voltage discharge than N radical reaction. It was supposed
that the NO oxidation reaction
NO + O∗ −→ NO2
easily occur than the NO decomposition due to the higher activeness of O3 or O
radical comparing to N∗ radical
NO + N∗ −→ N2 + O
This can be used to explain the difference in the less effective area between the
case of gas mixture without oxygen and the case of gas mixture with oxygen. In
details, with gas mixture with oxygen and gas flow rate 2L/min, the less effective
area was at the applied voltage less than 7kV. This value was smaller than the
one in case of gas mixture without oxygen at the same gas flow rate (V≤12kV,
Fig.3.2).
From the right side of Fig.3.6, as energy density increased, NO decreased
(∆NO=40ppm) about 40% from initial concentration of 99ppm to 59ppm at the
energy density of 58J/L and V=13.5kV. On the contrary, NO2 increased from
7ppm to 37ppm (∆NO2=30ppm) at same voltage. Therefore, the NOx concen-
tration decreased 10ppm (about 10%) from 106ppm to 96ppm. Moreover, in this
condition the N2O concentration can be negligible. It means that NO reduction
process was not stronger than the cases of without oxygen mixture. The effect of
oxygen made NOx removal was far different from the case of gas mixture without
oxygen showing in the previous section. In this case, the NO removal increased
more drastically as the energy density increased. Conversely, the NO2 formation
concentration was also increased in inverse way. In total, there was only small
amount of NOx removal was observed.
The reaction scheme in case of gas mixture with oxygen is described as follows.
Since N2O concentration was insignificant, NO removal from initial value (∆NO)
is a total of NO reduction and NO oxidation. Calculation from data in Fig.3.6 with
∆NO of 40ppm, NO2 formation from NO oxidation of 38ppm under the maximum
safety voltage. It means that the NO oxidation was 95% while the NO reduction
was only 5%. The NO reduction scheme is similar to the case of gas mixture
without oxygen:
N2 + e −→ 2N∗ + e
NO + N∗ −→ N2 + O
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The NO oxidation process in this case occurs with the existence from two sources:
the O radical as a product of the latter reaction and oxygen from input gas mixture.
By the first source, the oxidation reaction is:
NO + O −→ NO2
The NO oxidation reaction scheme with oxygen from input gas mixture is as
follows.
O2 + e −→ 2O∗ + e
NO + O∗ −→ NO2
3.3.2 Effect of gas flow rate
In case that the gas flow rate was 1L/min, the NOx removal characteristics are
shown in Fig.3.7. NO concentration decreased rapidly as the energy density was
increased. In total the NO removal of 60ppm was recorded at the maximum safety
voltage. Inversely, NO2 concentration increased from 10ppm to 54ppm. By that
way, the NOx concentration decreased only 16ppm. The starting point of effective
discharge was about 8kV (see left figure) which was lower than that in case of gas
mixture without oxygen (V=10kV).
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Figure 3.7 NOx removal in N2 + NO + O2 mixture (O2=10% and
Q=1L/min)
Figure 3.8 shows the relation between NOx removal by barrier discharge field
with 100ppm NO, 10% O2 and N2 left mixture. The gas flow rate was 0.5L/min.
The left figure showed that the discharge field started effective at about 7.5kV
comparing to 8kV in case of gas mixture without oxygen. NO concentration
Chapter 3. Effects of oxygen on NOx removal characteristics 63
Applied voltage      kV
0 5 10 15
G
as
 c
on
ce
n
tr
at
io
n
  
  
  
p
p
m
NOx
NO2
NO
N2O
0
40
80
120
20
60
100
N2 + NO + O2
NO = 100ppm, O2 = 10%
Q = 0.5L/min
Less 
effective area
(V ≤ 5kV)
0 100 200 300
0
40
80
120
Energy density      J/L
20
60
100
N2 + NO + O2
NO = 100ppm, O2 = 10%
Q = 0.5L/min
G
a
s 
co
n
ce
n
tr
a
ti
o
n
  
  
  
p
p
m
NOx
NO
NO2
N2O
Figure 3.8 NOx removal in N2 + NO + O2 mixture (O2=10% and
Q=0.5L/min)
decreased to 0ppm when the energy density reached 250J/L. On the other hand,
NO2 concentration increased from 21ppm to 85ppm. Consequently, NOx removal
was about 16ppm. In addition, though it slightly increased during experiment,
N2O concentration was only 6ppm at the maximum energy density for safety
voltage.
3.3.3 DeNOx efficiency and minimum energy density
The summarized result in case of gas mixture of N2 + NO + O2 at gas flow rates
of 0.5L/min, 1L/min, and 2L/min is illustrated in Fig.3.9. When the applied
voltage was 13.5kV and constant, the NO removal from initial value of 100ppm
were 40%, 65%, and 100% at gas flow rate of 2L/min, 1L/min, and 0.5L/min,
respectively. However, at V=13.5kV the maximum NOx removal efficiency was
only 15%. It caused by the existence of oxygen in gas mixture leading to dominated
NO2 formation process. Almost NO removal came from NO oxidation reaction
scheme to form NO2. For this reason, at flow rate of 0.5L/min, even the NO
concentration was decreased to zero but NOx removal efficiency was about 15%.
On the other hand, the existence of oxygen lowered the starting of effective applied
voltage at which the chemical reactions by the activated radicals inside reactor
really happened.
Comparing the data from Fig.3.5 and Fig.3.9, it can be seen that the minimum
energy density was reduced from 40J/L (N2+NO mixture, Fig.3.5) to around
10J/L (N2 + NO + O2 mixture, Fig.3.9). However, in N2+NO mixture, deNOx
reaction was NO reduction while in N2 + NO + O2 mixture, deNOx reaction was
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Figure 3.9 DeNOx efficiency in N2 + NO + O2 mixture
NO oxidation by O radical. The difference above can be explained that O2 re-
combination (O2 −→ 2O) is easier to happen than N2 (N2 −→ 2N).
The data on Fig.3.9 implies that for the gas flow rates of 1L/min and 2L/min,
if the applied voltage continue to increase, the NO removal (by oxidation to NO2)
might increase. However, for all three cases, it seems that even if the applied
voltage increases beyond 13.5kV, the deNOx efficiency would not increase beyond
15%.
3.3.4 Effect of oxygen fraction
To investigate the effect of oxygen fraction on NOx removal behavior under barrier
discharge field, the gas flow rate Q=0.5L/min was kept constant while oxygen
fractions were changed in 0%, 10%, 15%, and 20%. Gas mixture consisted of
100ppm NO, O2, and N2 remaining. The obtained results were previously shown in
Fig.3.4 (O2=0%) and Fig.3.8 (O2=10%); and the new additional data are Fig.3.10
(O2=15%) and Fig.3.11 (O2=20%).
As mentioned before with oxygen and without oxygen mixtures, NOx removal
characteristics were far different. As for the mixtures with oxygen, when the energy
density increased from 0 to 100J/L (applied voltage of 11kV), NOx concentration
decreased slowly and similarly in all three cases (O2=10%, 15%, and 20%). In this
voltage condition, NO concentration decreased significantly but NO2 concentration
increased in the same order while N2O was still negligible. Since NOx was evaluated
by total of NO and NO2, so from the point that NO completely oxidized to NO2,
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Figure 3.10 NOx removal in N2 + NO + O2 mixture (O2=15% and
Q=0.5L/min)
NOx concentration equals to NO2 concentration which continued to be oxidized
to N2O5 as energy density increased.
When the energy density increased beyond 100J/L, NOx removal behavior
is different for each gas mixture. With O2=10% (Fig.3.8), NO concentration re-
duced to zero at energy density of 250J/L while NO2 concentration increased up
to 85ppm, thus NOx removal in total was only 16ppm. In the case of O2=15%
(Fig.3.10), NO2 concentration increased in the same way with gas mixture contain-
ing O2=10% (Fig.3.8). On the other hand, NO concentration decreased and was
zero at energy density of 180J/L. From that point, when energy density increased
both NO2 and NOx concentrations went down. At energy density of 225J/L, NOx
concentration was 60ppm (equals to 37.5% removal from initial concentration).
For O2=20% (Fig.3.11), NO concentration decreased faster than both of two
cases mentioned above, while NO2 concentration increased rapidly until the en-
ergy density reached 140J/L. At that point, NO concentration was zero and NO2
concentration was 66ppm. After that, when energy density increased, both NO2 as
well as NOx decreased very fast. At energy density of 224J/L, NOx concentration
was reduced to zero.
The phenomenon that NO concentration decreased to zero (at 12.8kV in case
of 15% oxygen, 12kV in case of 20% oxygen) as seen in Figs.3.10 and 3.11 can
be explained as follows. Since NOx in this study is a total of NO and NO2, so
from that point the NOx concentration equals to NO2 concentration. And with
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Figure 3.11 NOx removal in N2 + NO + O2 mixture (O2=20% and
Q=0.5L/min)
oxygen available in supplied gas mixture, NO2 might continue to be oxidized to
form N2O5.
Consider the data reported by Saito et al., 2006 [38] using corona discharge
reactor of a quartz glass tube (27mm inner diameter and 500mm in length) with
the similar gas composition, the energy density needed to remove 100ppm of NOx
concentration was over 500J/L. In another work by Dors and Mizeraczyk, 2003
[44] using a corona discharge-catalyst hybrid system, the energy density to remove
completely NO was over 400J/L. So in both cases, the energy density to remove
NOx is higher than in this study. It means that more effective removal of NOx
was performed in the present system.
The effect of oxygen on NOx removal characteristics at Q=0.5L/min is sum-
marized in Fig.3.12. The vertical axis expressed the NO and NOx removal in
ppm which calculated as subtract the remaining concentration from the initial
one. Data were collected with applied voltage of 12.8kV and 13.5kV. When oxy-
gen fraction in gas mixture increased, the NOx removal was also increased and
removal efficiency was beyond 70%. However, NOx removal was lower than in case
of gas mixture without oxygen. The reason is that NO was oxidized with oxygen
to form NO2. As oxygen of 15% and 20%, NOx reduction in Fig.3.12 looks better
than in case of oxygen fractions of 0 and 10%. Actually, after NO was completely
converted to NO2, the formed NO2 may continue to react with ozone to form N2O5
which was not measured in this study. Reaction scheme of this further oxidation
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Figure 3.12 Effect of oxygen on NOx removal at Q=0.5L/min
process is given as below.
2NO2 + O3 −→ N2O5 + O2
3.4 Explanation using reaction scheme
The NOx removal reaction mechanism in discharge field with gas mixture of N2,
NO, and O2 has been discussed in many papers.[25, 40, 43] Since in this study
NOx is total of NO and NO2, the NOx removal mainly depends on NO reduc-
tion and NO oxidation processes. Moreover, N2O concentration was determined
very small and can be negligible, the NOx removal can be calculated as a subtrac-
tion between the NO change from initial value and the NO2 formation from NO
oxidation process.
The NO reduction process occurs as following reaction scheme:
N2 + e −→ 2N∗ + e (3.1)
NO + N∗ −→ N2 + O (3.2)
where e is electron.
Firstly, the N2 molecules in the gas mixture were excited by discharge field to
form N radicals (N∗). These radicals then react with NO to transform it into N2
and O as in reaction (3.2). This process sometimes is called the primary mechanism
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for NO destruction.[25] In case of gas mixture without oxygen, this was the main
reaction of NOx removal process. Calculation from data in Figs.3.2, 3.3, and 3.4 at
critical value of applied voltage (13.5kV) showed that for gas mixture of NO + N2,
the NO removal was 85%, 82%, and 83.5% with gas flow rate of 0.5L/min, 1L/min,
and 2L/min, respectively.
The decomposition reaction of NO2 by N radicals may contribute to NOx
removal following below reactions:
NO2 + N
∗ −→ N2O + O (3.3)
NO2 + N
∗ −→ N2 + O2 (3.4)
On the contrary, in case of gas mixture with oxygen, the NO oxidation process
to form NO2 prevailed. The NO oxidation process with the existence of oxygen in
gas mixture is described as below chemical reactions [25, 34, 90]. Initially, under
discharge field, O radicals are formed and then they oxidizes O2 to form ozone:
O2 + e −→ 2O∗ + e (3.5)
O2 + O
∗ −→ O3 (3.6)
Then NO is oxidized by O radicals and ozone as follows:
NO + O3 −→ NO2 + O2 (3.7)
NO + O∗ −→ NO2 (3.8)
The calculation at the critical applied voltage of 13.5kV with the data in Figs.3.6,
3.7, and 3.8 showed that the NO removal efficiency by NO oxidation process was
88%, 92%, and 95% at gas flow rate of 0.5L/min, 1L/min, and 2L/min, respec-
tively.
The experimental results with gas mixture of N2 + NO + O2 and O2=15%,
20% pointed that at certain point where whole NO was oxidized to NO2, if continue
to increase energy density then formed NO2 will be oxidized to N2O5. The reaction
scheme for this further oxidation process is described as below reaction:
2NO2 + O3 −→ N2O5 + O2 (3.9)
However, N2O5 could not be measured in this study.
Besides two main reaction schemes of NO reduction and NO oxidation as
above, there are some auxiliary reactions might occur inside the reactor. The
resulting balance between the formation and decomposition of NO and NO2 is
influenced by the reverse reaction:
NO2 + O −→ NO + O2 (3.10)
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Reaction (3.10) is also known as the secondary formation mechanism of NO.
3.5 Role of residence time
Residence time is an average amount of time that a gas spends in a reactor system.
It can be calculated from following equation.
τ =
60 · Vs
Q
(3.11)
where
τ is residence time [sec]
Vs is the volume of the reactor system [litre]
Q is the gas flow rate running through system [litre/min].
A change in the gas flow rate varies directly the residence time in the reactor.
Thus it is obviously that the gas flow rate affected to NOx removal efficiency. When
the gas flow rate is decreased the NOx removal efficiency will increases. In other
words, the longer the residence time is, the higher efficiency the NOx removal can
get. The reason is that with the same reactor and the same applied voltages so it
can be assumed that the same amount of N radicals are formed. If the residence
time, or the reaction time inside the reactor, is short then only some of N radicals
can take part in NO destruction reaction (3.2). Accordingly, the NOx removal
efficiency is low.
The effect of residence time on NOx efficiency can be seen in Fig.3.13. The
residence time was calculated according to equation (3.11). For gas flow rates of
0.5L/min, 1L/min, and 2L/min, the residence time was 16s, 8s, and 4s, respec-
tively. Data were collected in case of gas mixture without oxygen and gas mixture
with 10% of oxygen. In case of gas mixture without oxygen, as residence time
increased from 4s to 16s, NO removal was increased from 17% to 44%. Since NO2
was insignificant in this case as explained before, the NOx removal was similar to
NO removal efficiency.
Conversely, NOx removal efficiency and NO removal efficiency are far different
in case of gas mixture with oxygen. NO removal efficiency increased drastically as
residence time increased and reached 100% at residence time of 16s. Nevertheless,
NOx removal efficiency was only about 15% and did not change even the residence
time increased from 8s to 16s. This was explained by the NO oxidation process
which is dominated when gas mixture contained oxygen. It means that the NOx
removal process seems saturated even if the residence time increased more.
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Figure 3.13 Effect of residence time on NOx removal efficiency
3.6 Summary
NOx removal behavior in dielectric barrier discharge with gas mixture of N2, NO,
and O2; oxygen fraction from 0–20%, gas flow rates from 0.5L/min to 2L/min can
be described as follows:
(1) In case of gas mixture without oxygen, the NO removal was almost identical
to NOx removal.
(2) Oxygen plays a major role in NO oxidation process to form NO2 in case of
gas mixture of N2 + NO + O2. As O2 fraction increased, the NO oxidation
process to form NO2 ran faster. From the point that NO concentration was
completely converted to NO2, it may be that the further deNOx process may
occur to form N2O5 if the supplied energy density continue to increase.
(3) With the existence of oxygen, NO concentration first goes down while NO2
concentration increases; then from the point that NO concentration equals
to zero, NO2 decreased. It may be that formed NO2 continues to further
oxidation with ozone to form more oxidized nitrogen such as N2O5.
(4) Residence time has an obviously effect on NOx removal characteristics. The
longer the residence time is, the higher NOx removal can be received.
Chapter 4
Effects of particulate matter on
NOx removal characteristics
4.1 Purpose and experimental setup to investi-
gate PM effect on NOx removal
The objective of this chapter is to investigate the effects of particulate matter
(PM) to NOx removal characteristics under barrier discharge field. Moreover, the
reaction mechanism is also discussed.
There are two kinds of PM to be used: “Fresh PM” (just loaded with PM
generating system) and “Aged PM” (after hours running under applied voltage).
These experimental results were compared to those in case of PDF without PM.
Gas mixture in these experiments was NO + O2 + N2 with NO concentration of
112ppm, O2 fractions of 1%, 5%, 10%, and N2 remaining. Gas flow rate was kept
constant at 1L/min. The running time tests were done in 4–6 hours applying the
maximum safety voltage of the reactor. When the exhaust PM from PM generator
was directly loaded, hydrocarbon and water in the exhaust gas were also loaded
on DPF. The purpose of this study was to investigate the pure PM effect on
NOx removal, then, dry-up PM was used for experiments. The difference between
wet PM and dry PM was explained in section 2.2.3 and procedure of dry-up is
introduced in Fig.2.16.
Using “Fresh PM”, PM composition effect was investigated, test was started
at high applied voltage condition, and then applied voltage was lowered. From
that, Fig.4.1 and Fig.4.2 imply both effect of PM composition change and PM
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aging. At the first step, the NO removal characteristics with different PM compo-
sitions (soluble organic fraction - SOF, and sulfate) were investigated to find out
the standard test PM.
Figure 4.1 shows the relation between SOF fraction in PM with NOx removal
characteristics. The test condition was: initial NO concentration of 100ppm, oxy-
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Figure 4.1 SOF fraction in PM and NOx removal
gen fraction of 10%, DPF loaded with 100mg of PM, and gas flow rate of 1L/min.
Two PM samples with SOF fraction of 6% and 10% were used. The SOF fraction
was adjusted by changing the flame height and measured by the PM composition
analyzer Horiba MEXA-1370PM. These PM samples properties were described in
Chapter 2 (Fig. 2.14). From the experimental result, it can be said that SOF
fraction change did not influence NOx removal performance of the system.
Regarding the effect of sulfate fraction to NOx removal characteristics, Fig.4.2
expresses the experimental data with zero sulfate and 0.24% sulfate. Sulfate frac-
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Figure 4.2 Sulfate fraction in PM and NOx removal
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tion was changed by fuel blended with thiophene. The results implied that sulfate
fraction did not effect to NOx removal characteristics.
So for simple, the PM with zero sulfate and SOF of 10% (the flame height of
30mm) was chosen as a standard test PM in this study.
4.2 Experimental results with PM loaded DPF
4.2.1 Simulated exhaust gas without oxygen
The effect of PM on NOx removal characteristics by barrier discharge reactor with
gas mixture without O2 in two cases of a clean DPF and another one loaded
with 100mg of PM were studied. Test gas conditions were: NOx and N2 mixture,
NOx=112ppm, gas flow rate of 1L/min. The constant applied voltage of 12.75kV
was maintained under room temperature experiments.
Figure 4.3 shows the NOx removal characteristics in case of PM loaded DPF.
The test conditions were: NOx + N2 mixture, NOx=112ppm, gas flow rateQ=1L/min,
and PM=100mg. The energy density was 168J/L at the constant applied voltage
of 12.75kV. The test results showed that NO2 concentration was lower than that
in case of DPF without PM (see Fig.3.1) and NOx concentration was almost dom-
inated with NO concentration. Then NOx reduction ratio was higher than that
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Figure 4.3 NOx removal in N2 + NO mixture (PM=100mg and Q=1L/min)
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without PM. It meant that PM in DPF played some role in NO removal under
oxygen absence condition.
The trace of CO2 and CO revealed that C atoms from PM had taken part into
NOx reduction process. Firstly, NO concentration decreased by following reaction:
C + 2NO −→ CO2 + N2 (4.1)
On the other hand, NO2 is slightly formed from the oxidation of NO into NO2 by
O radical formed through NO reduction reaction.
N2 + e −→ N + N + e (4.2)
NO + N −→ N2 + O (4.3)
NO + O + N2 −→ NO2 + N2 (4.4)
At the next step, the mechanism, so called PM oxidation by NO2, can be described
as follows.
C + 2NO2 −→ CO2 + 2NO (4.5)
C + NO2 −→ CO + NO (4.6)
However, these two reactions (4.5) and (4.6) do not mean NOx removal, they just
make nitrogen dioxide NO2 reduction into nitric oxide NO. Then the following
reaction should be introduced to explain the NO2 removal. This reaction is just
effective with temperature in range of from 150◦C to 300◦C.
2C + 2NO2 −→ 2CO2 + N2 (4.7)
The data of NOx removal characteristics in cases of DPF without PM (Fig.3.1)
and DPF with PM=100mg (Fig.4.1) were summarized in Fig.4.4. More than
10ppm of NOx was removed in the case of DPF with PM comparing to the case of
DPF without PM. In addition, CO2 concentration in Fig.4.3 was around 10ppm.
It showed that reaction (4.7) was the main NOx removal mechanism by PM. NO2
formation of 10ppm in case of DPF without PM comparing to 1ppm in case of
DPF with 100mg PM was the evidence of the reaction (4.7), but molecular balance
between CO2 and carbon atoms in PM was impossible because of small amount
of PM mass reduction. In this study, the PM mass in order of mg (milligram) was
checked before and after test but it was insignificantly changed. It might be that
the PM mass reduced by NOx should be checked in order of microgram. According
to reaction 4.7, calculation with experimental result as mentioned above showed
that 0.535µg/min oxidation of carbon results in 10ppm CO2 and gas flow rate of
1L/min.
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From current-voltage characteristics (see Fig.2.19), DPF with PM promoted
the more electric current than DPF without PM. It caused another positive effect
of NOx removal. Finally, the experimental results represented in Fig.4.4 could lead
to a conclusion that PM could be a reduction agent to remove NOx.
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Figure 4.4 NOx removal in N2 + NO mixture (with and without PM,
Q=1L/min)
4.2.2 Simulated exhaust gas with oxygen
The role of O2 as an oxidation agent in case of DPF without PM had been reported
in previous chapter (see Chapter 3). In this section, the DPF loaded with 100mg
of PM and four different O2 fractions, namely 1%, 5%, 10%, and 15% were tested.
Using “Fresh PM”, experiments were done in 4 hours applying voltage of 12.75kV.
The experimental results with O2=1% and PM=100 mg is shown in Fig.4.5. In
this case, CO2 and NO2 concentrations showed time dependent characteristics with
running time. Just after experiment was started, CO2 formation was predominant
but NO2 formation increased gradually by running time. As the results, NO and
NOx concentrations were changed with running time. However, NOx removal
effect was less apparent than O2=0% (Fig.4.3) when the running time was over
two hours.
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Figure 4.5 NOx removal in N2+NO+O2 mixture (PM=100mg, O2=1%, and
Q=1L/min)
With the existence of O2 under discharge field, ozone was formed. Thus, fol-
lowing reactions (4.8)–(4.10) should be considered as the NO oxidation mechanism.[34]
O2 + e −→ O + O + e (4.8)
O2 + O −→ O3 (4.9)
NO + O3 −→ NO2 + O2 (4.10)
Under the presence of O2, there was a possibility of direct PM oxidation with
ozone. Its reaction scheme was as follows.
2C + 2O3 −→ 2CO2 + O2 (4.11)
2C + 2NO2 −→ 2CO2 + N2 (4.12)
Then the CO2 formation process was controlled by both reactions of (4.11)
and (4.12). Reaction (4.11) was independent of NOx removal process, and other
experiments were needed to explain the whole behavior of CO2 formation.
As shown in Fig.4.6, deterioration of NOx removal performance was more
apparent when O2 concentration was 5%. It was obvious that when O2 fraction
increased, the NO2 concentration increased correspondingly. After two hours run-
ning, NO2 concentration reached 14ppm in case of O2=1% (Fig.4.5) but it was
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40ppm when O2 was 5% (Fig.4.6). Then NOx removal effect was only apparent
during early one hour from start the experiment.
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Figure 4.6 NOx removal in N2+NO+O2 mixture (PM=100mg, O2=5%, and
Q=1L/min)
A similar behavior was also observed in cases of oxygen fraction of 10% and
15% as shown in Fig.4.7. NOx removal effect was deeply at the first running hour
(maximum NOx removal was from 40pppm to 50ppm), then decreased following
running time. And this effect halted just after 1.5h running in both cases of oxygen
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Figure 4.7 NOx removal in N2+NO+O2 mixture (PM=100mg, Q=1L/min,
and O2=10% and 15%)
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fraction of 10% and 15%.
From experimental results above, it can be seen that CO2 concentration did
not increase with O2 fraction. If the PM direct oxidation by O2 was the main
reaction scheme of CO2 formation, it should increase as O2 fraction increased.
However, CO2 behavior showed almost similar manner with the case shown in
Fig.4.3 (gas mixture without oxygen). It means even though with the existence
of O2, CO2 might be formed by reaction scheme of reaction 4.7. And also it
indicated that NO is oxidized by O radical more easily than PM. The details of
O2 concentration effect on NOx removal is explained latter in section 4.3.2.
4.2.3 PM loading mass and NOx removal characteristics
Figure 4.8 shows the NOx removal characteristics at different mass of PM loaded
on DPF. Gas mixture was 112ppm of NOx, 10% of O2 and N2 left. Loaded PM
were 0mg, 100mg, and 200mg. Applied voltage was kept constant at 12.75kV
for all PM conditions. Then the electrical energy was changed from 101µA for
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Figure 4.8 NOx reduction at different PM mass loaded on DPF (O2=10%)
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PM=0mg to 182µA for PM=100mg, and 190µA for PM=200mg. The test gas
was sampled every ten minutes.
In this figure, PM effect on NO reaction was indicated by the hatching area.
NO concentrations in all three cases of gas mixtures with oxygen were dropped at
the first. After that, NO concentrations increased and was almost stable. Con-
versely, NO2 concentration increased significantly from start to two running hours.
NO2 increase in cases of PM=100mg or 200mg was much slower than that in case
of PM=0mg. As a result, NOx concentrations with PM=100mg and 200mg were
lower than that with PM=0mg. However, there was no significant difference in
PM=100mg and PM=200mg. It means that NO2 formation did not depend on PM
loaded mass but seemed that it depended on oxygen or ozone formed by discharge.
The NOx removal effect by PM was represented by the area which was sur-
rounded by NOx curve in case PM=0mg and those in cases of PM=100mg and
200mg. It suggested that NOx removal promotion by PM appeared only in the
beginning of the discharge but its promotion effect was vanished after two hours
running.
4.3 PM aging
4.3.1 PM aging effect
To clarify the effect of PM aging on NOx treatment under discharge field, an-
other kind of test was conducted. Two simulated gas mixtures of NO,O2, and
N2 with the same composition of were tested. One mixture was tested in order
of increasing applied voltage from zero to the maximum safety voltage. This test
run demonstrates the “Aged PM”. The other one, on the contrary, was started
with the maximum safety voltage, then lowered to zero. Thus it expressed the
test run of “Fresh PM”. The range of supplied energy density (or applied voltage)
was the same in both cases. Both test results with NO + O2 + N2, NO=100ppm,
O2=10%, gas flow rate Q=1L/min is illustrated in Fig.4.9 showing NOx concen-
tration in ppm following energy density in J/L.
The sample timing was marked at every testing point in the figure. It can be
seen that if the maximum safety voltage of 12.75kV (equals to 180J/L) was applied
as a started sampling point (in case of “Fresh PM” test), the NOx reduction would
be significant higher (about 50ppm) than the one in “Aged PM” test. However,
as energy density decreased from peak value, NOx concentration decreased quite
fast. And both cases give the similar result at point 20-30 minutes of sampling.
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In brief, the “Fresh PM” has a superior effect on NOx treatment process under
discharge field comparing to the “Aged PM”.
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Figure 4.9 Effect of “Aged PM” on NOx treatment
4.3.2 Experimental results in cases of DPF with “Fresh
PM”
To assess the extensive impact of PM on NOx removal, the experiments with
“Fresh PM” was performed. “Fresh PM” means the PM just loaded with the
diffusion flame PM formation system [85] during the reactor does not run yet.
The data obtained with “Fresh PM” was expressed in Fig.4.10. For the next
experiment, DPF was cleaned up and “Fresh PM” was loaded again on DPF for
every experimental run. The data in the figure were taken during the first six
minutes from the start of experiment. In the experiments, the DPF was loaded
with 0mg, 100mg, and 200mg of PM. O2 fractions of 0, 1%, 5%, 10%, and 15%
were tested.
As observed, the NO concentration in this experiment was constantly de-
creased with increase O2 fraction. However, there was not so much difference of
NO reduction (about 50%) between 100mg and 200mg of PM mass. The NO2 con-
centration increased up to 52ppm in case of PM=0mg and O2=15% but increase of
NO2 was suppressed by PM. Even though high O2 concentration such as O2=15%,
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Figure 4.10 NOx reduction at different O2 fractions and “Fresh PM”
NO2 concentrations of both PM=100mg and 200mg were less than 20ppm. Since
CO2 concentration did not increase with O2 fraction, it was considered that both
of catalytic reduction mechanism with PM and direct reduction mechanism with
reaction (4.7) were coexisted.
With the presence of PM, NOx removal was recorded at 22% and 30% with
PM mass of 100mg and 200mg at O2=15%, respectively. These removal ratios were
much higher than the case of PM=0mg (3%). The removal of NOx concentration
as in Fig.4.10 implies that “Fresh PM” approved its role as NOx reduction agent.
The similar results obtained with PM=100mg and 200mg could be explained by
very closed levels of electrical currents showed in Fig.2.19.
4.3.3 Experimental results in cases of DPF with “Aged
PM”
Figure 4.11 shows the effect of PM after a long running time on NOx removal.
In other words, “Aged PM” was used. Experimental conditions were same as the
cases of Fig.4.10, but the test gas was sampled after four hours running.
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Figure 4.11 NOx reduction at various PM mass and O2 after 4 running hours
From the figure, NO decrease but NO2 increase according to O2 fraction were
clearly observed. Nevertheless, there was almost no difference in gas concentra-
tions (NO,NO2, and NOx) for all three cases of PM mass. When O2=15%, NO
concentration decreased to 25ppm, 30ppm, and 35ppm with PM mass of 0mg,
100mg, and 200mg, respectively. NO2 increased in the same order and concen-
trations were 78ppm, 79ppm, and 82ppm. There was a slight PM effect on NOx
removal after a long period running under barrier discharge when O2 fraction was
below 5%. However, with higher O2 concentration, no PM effect on NOx removal
was observed.
In actual DPF system, loaded PM was oxidized under forced regeneration
process or continuous PM oxidation process during operation. It meant that loaded
or deposited PM in DPF was partially oxidized PM, and it might show less effective
role as indicated in Fig.4.11 (after long running PM). However new “Fresh PM”
was always supplied from engine side and it deposited over on the old PM where
its surface had already lost the effective role of NOx removal. It meant that
there are many possibilities of NOx removal. In this report, a possibility of NOx
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removal with “Fresh PM” coupled with electric discharge could be pointed out
experimentally.
4.4 NOx adsorption effect by PM
It was clear that “Fresh PM” showed NOx removal performance. However, its
effect was not separated from NOx adsorption effect on PM. Since the DPF and
PM surface were activated with electrical barrier discharge, they might have some
adsorption performance for molecules. Then, NOx adsorption effect was checked
with following experiment. To check the adsorption effect, the reactor was supplied
with discharge energy in four hours then ran “idle” (no energy supplied) for next
two hours. Test gas was sampled continuously for every ten minutes. Figs.4.12
and 4.13 shows the results of experiment.
Figure 4.12 was the experimental result of PM=0mg and energy density of
77J/L (V=12.75kV). NOx concentration decreased in the first one hour running.
Then it increased and was stable. After four hours running, the supplied energy
was cut off. NOx concentration showed 8ppm increase, then went down to the
initial value.
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Figure 4.12 NOx adsorption following barrier discharge energy at PM=0mg
Conversely, for PM=100mg and the supplied energy of 139J/L (V=12.75kV)
(Fig.4.13), NOx concentration decreased drastically at first then increased and kept
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constant at some ppm lower than initial value of 112ppm. However, when energy
was cut off, NOx concentration raised up to 128ppm before decreasing slowly to
the initial concentration.
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Figure 4.13 NOx adsorption following barrier discharge energy at
PM=100mg
As shown in Figs.4.12 and 4.13, area A represents the NOx removal in case
of PM=0mg and area C represents the NOx removal in case of PM=100mg. The
difference between these areas indicates the combined effect of NOx adsorption by
PM, NOx removal by PM as reduction agent and supplied energy increase by PM.
NOx adsorption and reduction agent effects of PM showed their maximum at early
period of experiment (“Fresh PM”). In short:
A: NOx removal at PM=0mg
C: NOx removal at PM=100mg
C-A: Sum of effect of NOx adsorption by PM, NOx removal by PM as reduc-
tion agent and supplied energy increase by PM.
Most important result of this investigation was the effect of “Fresh PM” on
NOx removal. As shown in Figs.4.12 and 4.13, its effect could not be explained
by the NOx and ozone adsorption effect of PM. A realistic mechanism of NOx
reduction with “Fresh PM” is supposed that the active surface of “Fresh PM”
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played a role of catalytic surface for NOx removal and its effect was promoted by
electric discharge. As for an “Aged PM” (after long running), surface of PM was
oxidized and no catalytic effect might appear there.
On the other hand, when supplied voltage was cut off, area B demonstrates
an overshoot of NOx concentration. It was caused with released NOx that was
adsorbed in a clean DPF. In case of DPF with PM, area D demonstrates the same
but clearer behavior than area B. However, released NOx effect was not so large
and was deteriorated during 20 minutes after cut-off the applied voltage. Then
the NOx removal effect appeared during first two hours could not be explained by
the adsorption effect of “Fresh PM”.
Briefly, in Fig.4.12, the test was done with DPF without PM (bare DPF), area
B represents the NOx adsorption effect by DPF. The difference between areas A
and B (or A-B) expresses the catalytic effect of bare DPF. In case of DPF with
PM as showed in Fig.4.13, area D represents the NOx adsorption effect by DPF
and adsorption effect by “Fresh PM”. The value of (C-D) in this case expresses
the catalytic effect of bare DPF and “Fresh PM”. From these results, it can be
concluded that the value of (D-B) represents the net adsorption effect of “Fresh
PM”. The net catalytic effect of “Fresh PM” is represented by the difference
between (C-D) and (A-B). In other words:
B: NOx adsorption by DPF
D: NOx adsorption by DPF and “Fresh PM”
A-B: Catalytic effect of bare DPF
C-D: Catalytic effect of bare DPF and “Fresh PM”
D-B: Net adsorption effect of “Fresh PM”
(C-D)-(A-B): Net catalytic effect of “Fresh PM”.
Adsorption mass of molecules was generally proportional to adsorbent mass.
However, “Fresh PM” effect shown in Fig.4.10 indicated that NOx removal effect
did not proportional with PM mass and it seemed to be proportional to electrical
current. It also suggested that NOx adsorption effect was not the main mechanism
of NOx removal with “Fresh PM”.
As for the cases of without O2 conditions, no adsorption effect was observed in
Fig.3.1 and Fig.2.19. It means that the overshoot shown in Figs.4.12 and 4.13 were
related with O2. When ozone was formed in the reactor, there were possibilities
that NOx and CO2 accompanying with ozone was adsorbed and remained in the
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reactor, and then they were released after cut-off the electrical current. However,
this effect was not so much as mentioned above.
4.5 Summary
The effects of PM on NOx removal efficiency was investigated by using a needle-
to-cylinder dielectric barrier discharge reactor combined with a DPF. Gas mixture
of NO,NO2,N2 and O2 with the PM was used. The experimental results showed
that
(1) NOx removal was promoted by PM under the dielectric barrier discharge in
a NOx and N2 mixture without O2.
(2) PM also enhanced NOx removal in the dielectric barrier discharge field with
O2 existence.
(3) However, this effect deteriorated with running time. The most significant
NOx removal performance was observed when PM was “Fresh”.
(4) Compared to “Fresh PM”, “Aged PM” showed an insignificant effect on NOx
treatment process under discharge field.
Chapter 5
NOx removal performance in
transient test
5.1 Purpose of various transient tests
Since the surface state of DPF and PM had great effect on deNOx reaction, in
the previous chapter, “Fresh PM” and “Aged PM” investigations were done. It
means a kind of PM surface effect on deNOx. Also some of adsorbed molecule on
the surface had some effect on deNOx reaction. Then pre-treatment of DPF with
PM using DBD is considered some initial adsorption molecule effect on deNOx
mechanism.
This chapter introduces the NOx removal behavior with PM in transient test
in two modes: four running hours and six running hours. Test conditions in detail
was shown in Table 5.1. Purposes of these tests are: (1) to check the adsorption
Table 5.1 Transient test conditions
Test
1st hour 2nd hour 3rd hour 4th hour 5th hour 6th hour
4-(1) N2+O2, E=0J/L
4-(2) N2+O2, E=78J/L
4-(3) N2 only, E=78J/L
6-(1) N2+O2, E=0J/L
6-(2) N2+O2, E=77J/L
6-(3) N2 only, E=76J/L
N2+NO+O2, NO=100ppm, E=117J/L N2+NO+O2, NO=100ppm, E=117J/L
N2+NO+O2, NO=100ppm, E=134J/L N2+NO+O2, NO=100ppm, E=134J/L
Test conditions with PM=100mg
N2+NO+O2, NO=100ppm, E=138J/L
N2+NO+O2, NO=100ppm, E=140J/L
N2+NO+O2, NO=100ppm, E=140J/L
N2+NO+O2, NO=100ppm, E=138J/L N2+NO+O2, NO=100ppm, E=138J/L
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and absorption effect of PM, (2) investigate the effect of one hour pre-treatment
on adsorption and absorption processes, and (3) to clear up the difference between
“Fresh PM” and “Aged PM”.
In four hours running mode, namely “Fresh PM” test, each test divided in
two stages: the first stage of one hour and the second stage of three hours. By
this experiments, NOx removal characteristics with “Fresh PM” and different pre-
treatments were investigated. In six hours running mode, namely “Aged PM”
test, the tests divided in three stages: three hours, then one hour, and finally two
hours. In this mode, the three hours running stage was added before different
pre-treatments as in four hours mode. The pre-treatment stage with N2 only and
applied energy density in Tests 4-(3) and 6-(3) were done to investigate the N
radical effect on NOx removal process.
All the test was conducted with “Fresh PM” of 100mg at gas flow rate of
1L/min. The simulated gas through reactor was sampled continuously, i.e every
ten minutes. Applied voltage was 12.75kV as same as Chapter 4, but energy
density changed with conditions of PM.
5.2 “Fresh PM” pre-treatment effect on NOx re-
moval
5.2.1 NOx removal characteristics in four hours running
mode
In this mode, the first stage of one running hour was carried out with gas mixture
of N2 or N2 + O2, gas flow rate of 1L/min, and energy density of 78J/L. It means
one hour pre-treatment before deNOx experiment. The experimental results were
showed in Figs.5.1, 5.2, and 5.3.
The experimental results showed that there was a difference in NOx removal
performance after first one running hour (pre-treatment stage). In all three cases,
NO concentration changed in very similar way. However, NO2 concentration was
differed. As can be seen in Fig.5.1 (Test 4-(1)), there was no applied voltage at
pre-treatment stage of “Fresh PM”, but NO2 concentration was increased quickly
as energy density started applying. It means that one hour treatment with non
reactive N2 + O2 mixture did not affect PM aging. This can be explained by
the oxygen adsorption effect by DPF at the pre-treatment stage and the effect of
discharge field.
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Figure 5.1 NOx removal performance in 4 running hours mode (Test 4-(1):
One hour pre-treatment in N2 + O2 atmosphere without DBD)
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Figure 5.2 NOx removal performance in 4 running hours mode (Test 4-(2):
One hour pre-treatment with DBD in N2 + O2 atmosphere)
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In Fig.5.2 (Test 4-(2)), the active oxygen and nitrogen under discharge field
were already absorbed by DPF and “Fresh PM” at the pre-treatment stage, so
there was no further adsorption of NO as described in Test 4-(1) above.
As the gas mixture at the first stage did not contained NO so the NOx removal
process just started at beginning point of the second stage. In case of gas mixture
at the first stage consisted of N2 + O2 (Figs.5.1 and 5.2), there was a significant
difference in NOx removal performance between Test 4-(1) and Test 4-(2). In
Fig.5.1 (Test 4-(1)), NOx concentration dropped deeply at first then gradually
increased following elapsed time. Conversely, NOx concentration in Test 4-(2) just
slightly reduced then increased to stable value. After two running hours, both
cases showed a stable NOx removal state until the end of test. The difference
mentioned above can be explained by the existence of ozone at the beginning of
the second stage in Test 4-(2). Although gas mixture of N2 + O2 was the same
in both tests but there was no applied voltage (E=0J/L) so no ozone formed.
Conversely, by applying a energy density E=78J/L in the first stage of Test 4-
(2), ozone was formed and available when the system shifted to the second stage.
Ozone then at once oxidized NO to form NO2 as gas mixture of N2 + NO + O2
entered the reactor. As a result, NOx reduction was smaller.
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Figure 5.3 NOx removal performance in 4 running hours mode (Test 4-(3):
One hour pre-treatment with DBD in N2 atmosphere)
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In case of gas mixture at the first stage was nitrogen only and applying a
energy density E=78J/L (Fig.5.3, Test 4-(3)), the NOx removal performance was
similar with Test 4-(1) but the recovery speed of NOx concentration was slower.
Ozone did not concerned in this case since there was no oxygen in gas mixture
even the energy density was applied. Instead of that, N radicals were created from
N2 during the first stage under discharge field. The N radicals then reacted to
NO to return N2. In addition to no ozone available, this result leaded to NOx
reduction dropped at the beginning of the second stage as seen in Fig.5.3.
5.2.2 “Fresh PM” oxidation effect on NOx removal
Although all three cases of Test 4-(1), Test 4-(2), and Test 4-(3) showed significant
drops of NOx reduction at the beginning of the second stage, the Test 4-(3) ex-
pressed the best NOx removal performance as the summarized data pointed out in
Fig.5.4. While NO concentrations was slightly changed during the tests, the NO2
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Figure 5.4 NOx removal performance in 4 running hours mode in summary
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concentrations varied substantially making the total NOx concentration differed,
especially in the first one hour of the second stage. This can be explained by the
formation and availability of ozone or N radicals in previous paragraph.
Comparing the result from Test 4-(3) with N radical pre-treatment to previous
results without pre-treatment in Fig.4.7 and Fig.4.13 (Chapter 4), it can be seen
that the NOx removal without pre-treatment was little higher than in case of
with pre-treatment. In both cases of without pre-treatment, the maximum NOx
removal reached about 70ppm while in case of with pre-treatment, NOx removal
was 65ppm. However, the “Fresh PM” effect on NOx removal in case of without
pre-treatment was shorter, it disappeared after one running hour. When applying
N radical pre-treatment as in Test 4-(3), the “Fresh PM” effect lasted for about
three running hours (Fig.5.3).
On the other hand, as seen in Fig.5.4, NOx removal by “Fresh PM” effect
in case of Test 4-(3) showed the largest effect among three tests. It means that
NO oxidation was suppressed by N radical adsorption on PM by pre-treatment
process. By these results, it can be concluded that N radical pre-treatment is the
most effective way of NO reduction.
5.3 “Aged PM” treatment effect on NOx removal
5.3.1 NOx removal characteristics in six hours running mode
In six hours running mode, the tests consisted of the first stage of three hours,
the second stage of one hour, and the third stage of two hours. Gas mixture of
N2 + NO + O2 employed in the first and third stages whereas either N2 only or
N2 + O2 was used in the second stage. The second and third stages in this mode
had the same test procedure with the four hour mode, so it can be considered that
this mode was a four hour mode with three hours “Aged PM”. The experimental
results were illustrated in Figs.5.5, 5.6, and 5.7.
Figure 5.5 expressed the experimental result in case of pre-treatment with
N2 + O2 mixture (O2=10%) and no power applied. The first stage of three hours
and third stage of two hours were operated with N2 + NO + O2 gas mixture,
NO=100ppm, and applied energy density of 138J/L. The gas flow rate of 1L/min
was keep constant during the whole test. From the figure above, after pre-
treatment stage, there was a small amount of NOx removed (about 10ppm). In
this case, the “Fresh PM” effect was not concerned because PM was under dis-
charge field for four hours. Thus the NOx removal as above should be explained
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Figure 5.5 NOx removal performance in 6 running hours mode (Test 6-(1):
“Aged PM” and one hour treatment in N2 + O2 atmosphere without DBD)
by the absorption effect by PM, so-called the re-fresh effect. In Fig.5.6 was the
NOx removal performance in six hours mode with pre-treatment of N2 + O2 mix-
ture and applied energy density of 77J/L. The first stage and third stage were run
with gas mixture of N2 + NO + O2 (NO=100ppm, O2=10%), flow rate of 1L/min,
and applied energy density of 117J/L. The result showed that there was no NOx
absorption effect by PM, or no re-fresh effect appeared. Because DPF and PM
in this case already absorbed the active oxygen and nitrogen in the pre-treatment
stage, so there was no NOx absorption as in Fig.5.5 above. As shown in Fig.5.6,
CO2 concentration in pre-treatment stage was increased. It means PM inside DPF
was oxidized under discharge field to form CO2. Since PM oxidation by O radical
then there was no NO which should react with O radical at the beginning of the
next stage.
Finally, Fig.5.7 illustrated the experimental result in six hours mode with pre-
treatment stage of nitrogen only under applied energy density of 76J/L. The test
conditions for the first three hours and two last hours stages were: N2 + NO + O2
gas mixture with NO=100ppm and O2=10%, gas flow rate of 1L/min, and energy
density of 134J/L. Comparing to the results shown in Figs.5.5 and 5.6, there was
a small amount of NOx removed (re-fresh effect). No evidence of PM oxidation
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Figure 5.6 NOx removal performance in 6 running hours mode (Test 6-(2):
“Aged PM” and one hour treatment in N2 + O2 atmosphere with DBD)
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Figure 5.7 NOx removal performance in 6 running hours mode (Test 6-(3):
“Aged PM” and one hour treatment in N2 atmosphere with DBD)
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was found in this test.
5.3.2 Difference between “Fresh PM” and “Aged PM”
The NOx treatment performance at the first stage of six hours mode in all three
cases (Test 6-(1), Test 6-(2), and Test 6-(3)) were very similar except CO2 at the
refreshment time (Test 6-(2)). In that case, O radical was formed, but it did not
consumed by NO oxidation then only the PM oxidation took place. The small
difference might come from the variance of the energy density applying in these
cases. The substantial reduction of NOx concentration at the beginning of tests
was explained by the effect of “Fresh PM” in previous chapter (see Chapter 4,
Section 4.3).
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Figure 5.8 NOx removal performance in 6 running hours mode in summary
A slightly difference in NOx removal behavior could be found at the third
stage of the tests. Although the test procedures for the second stage in six hour
mode was the same with the one in four hour mode but the results were far
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different. The similar formation mechanism of ozone and N radicals as explained
above in four hours mode could apply here. However, the effect of “Aged PM”
(after four running hours of the first and second stages) lowered NOx concentration
reduction. It can be concluded that even with “Aged PM”, the effect of N radical
pre-treatment appeared.
5.4 N radical pre-treatment
The experimental results of NOx removal performance in transient tests demon-
strated the important role of N radical in pre-treatment stage. The test conditions
of these tests were showed in Table 5.2. The experimental results of N radical pre-
treatment tests had showed the most effective performance among conducted tests
as discussed in previous section. It implies that N radical in pre-treatment stage
played a key role in NOx removal performance.
Table 5.2 N radical pre-treatment tests with PM
Test
1st hour 2nd hour 3rd hour 4th hour 5th hour 6th hour
4-(3) N2 only, E=78J/L
6-(3) N2 only, E=76J/LN2+NO+O2, NO=100ppm, E=134J/L N2+NO+O2, NO=100ppm, E=134J/L
N radical pre-treatment tests with PM=100mg
N2+NO+O2, NO=100ppm, E=140J/L
Additionally, O radical was also formed in this stage and contributed to NOx
removal process. Thus the activities of O radical and N radical on PM was intro-
duced in Fig.5.9.
1) O radical
2) N radical
CO2
NO + N*  →  N2 + O
O radical
N radical
PM
DPF 
substrate
Figure 5.9 Illustration of adsorbed N radical and O radical on PM
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On PM surface inside the DPF, the adsorbed O radicals might reacts to
carbon (C) to form CO2. This PM oxidation effect was pointed out in Fig.5.6.
Alternatively, the adsorbed N radicals trends to react with NO to return nitrogen
(N∗ + NO→ N2 + O). This NO reduction effect was clearly observed with “Fresh
PM” in Fig.5.3, and was also appeared with “Aged PM” in Fig.5.7.
5.5 Engine application
An application of dielectric barrier discharge (DBD) reactor to aftertreatment
system of diesel exhaust was proposed and illustrated in Fig.5.10. At low load
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 - High oxygen
DIESEL 
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 - Low oxygen
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Ø NO oxidation
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Figure 5.10 Application of DBD reactor to diesel exhaust aftertreatment
system
condition of engine which is characterized by low PM mass and high oxygen con-
centration, the DBD reactor will promote the PM oxidation process by O radical.
For NOx removal, it supposed a less NOx removal with NO reduction (return to
nitrogen) and NO oxidation (to form NO2). At certain times, the DBD reactor
might not be operated to save power. Conversely, at high load condition which
characterized by high PM mass and low oxygen concentration, it is suitable to
operate the DBD reactor as an N radical generator. The NOx removal with NO
reduction will prevail in this operating condition.
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5.6 Summary
The experimental results in both cases of four running hours in two stages and
six running hours in three stages showed that the NOx removal performance often
started with significant drop of NOx concentration then gradually reduced.
Through running the long time tests with different procedures of gas com-
position and applied energy density, it can be learned that the formation and
availability of ozone and N radicals play major role in NOx removal performance.
Additionally, the effects of “Fresh PM” and “Aged PM” on NOx removal process
was confirmed.
Chapter 6
Conclusions
A combination of a dielectric barrier discharge reactor and a diesel particulate
filter was developed to investigate experimentally the removal of nitrogen oxides.
Simulated exhaust gas of NO,O2, and N2 at various concentrations was used. Gas
flow rates through the reactor were 0.5L/min, 1L/min, and 2L/min. Additionally,
PM generated from a diffusion flame system was loaded into DPF at different
masses to study its influences on NOx removal processes. From this work, some
conclusions were made as follows.
1- Under barrier discharge field, PM improved the NOx removal performance,
however, its effects reduced following running time. The PM just loaded from
PM generator and was not under applied voltage, so called “Fresh PM”, is
supposed that the active surface of “Fresh PM” played a role of catalytic
surface for NOx removal and its effect was promoted by electric discharge.
As for an “Aged PM” (after long running), surface of PM was oxidized and
no catalytic effect occurs.
2- For a long running time, NOx removal performance under barrier discharge
field with the PM loaded DPF started with substantial drop of NOx concen-
tration, then gradually reduced and almost in stable state after about two
hours. The formation and availability of ozone and N radicals at the begin-
ning of NOx removal process decide the efficiency of the system performance.
3- Oxygen promoted the NO oxidation process that was dominant in NOx
abatement behavior with a gas mixture of NO,O2 and N2. As O2 frac-
tion increases, the NO oxidation process to form NO2 run to the point that
NO concentration of zero. It means that the necessary energy density to
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reduce NO to zero is lower and the required power to remove completely
NOx concentration is also lower.
4- N radical played major role in NOx removal performance. It effectively
reduced nitrogen oxide (NO) to return nitrogen that so-called NO reduction
process. The N radical pre-treatment had shown a great effect on NOx
removal with “Fresh PM”. Additionally, this effect lasted for a longer time
than in case of without pre-treatment process. The N radical pre-treatment
effect was also observed in DPF with “Aged PM”.
In the real engine coupling with DPF system, loaded PM was oxidized under
forced regeneration process or continuous PM oxidation process during operation.
It meant that loaded or deposited PM in DPF was partially oxidized PM. However
new “Fresh PM” was always supplied from engine side and it deposited over on
the old PM where its surface had already lost the effective role of NOx removal.
It meant that there are many possibilities of NOx removal. In this report, a
possibility of NOx removal with “Fresh PM” coupled with electric discharge could
be pointed out experimentally.
However, this thesis still requires further study. The effect of temperature on
NOx removal performance should be added. In addition, the effect of other gas
composition such as H2O, CO, HC, etc. should also be considered.
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